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For developing the available hydrocarbon reserves and for exploring new reservoirs, 
deeper and more complex wells are drilled. Drilling such deeper and complex wells 
requires a constant monitoring and controlling of the well paths. Therefore, the bottom 
hole assembly, the lower section of the drill string above the drill bit, is equipped with 
numerous measuring sensors for collecting geological and directional data while drilling. 
The collected data have to be transmitted to the surface in real time.  
Prior to transmit the data measured downhole to the surface, they are processed and 
translated into a binary code. Accordingly, the data will be represented as a series of 
zeroes and ones. The most common method for data transmission in boreholes is the so 
called mud pulse telemetry which sends the information through the drilling mud inside 
the drill string by means of coded pressure pulses. There are two types of devices 
available for downhole pressure pulses generation. The first type is the (positive or 
negative) pressure pulser which transmits the data by quasi-static variations of the 
pressure level inside the drill string. The second type is the (rotating or oscillating) mud 
siren which transmits the data by generating continuous pressure waves at specific 
frequencies.  
The main disadvantage of the mud pulse telemetry is its low data transmission rate which 
is about 10 bps. This data rate is very low compared to the measured amount of raw data. 
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Therefore, the efficiency of the mud pulse telemetry must be improved, so that the data 
could be transmitted at higher rates. The present research work presents different 
developed and tested concepts for increasing the efficiency and the data transmission rate 
of the mud pulse telemetry. Both, the transmitter and the receiver end, were taken into 
consideration by developing the new concepts. Different hardware and software tools 
were used for performing the present research work. The available flow loop test facility 
and the experimental prototypes of the mud siren and positive pulser were used. The test 
facility was extended in order to enable the investigation of the new concepts. The 
available 3D numerical model (ANSYS CFX) was modified and extended in order to 
study the new concepts.   
At the transmitter end, a novel concept for a hybrid mud pulse telemetry system was 
developed and successfully tested. Here, two different types of mud pulse telemetry could 
be used in a combination, such as a mud siren and a pressure pulser. The developed 
concept was registered at the German Patent and Trade Mark Office for a patent in 2018. 
Two concepts for a multi-frequency mud siren were developed for simultaneous 
generation of two frequencies. In the first approach, two sets of stator/rotor were installed 
in a row connection, while they were installed in a parallel connection in the second 
approach. The two concepts were registered at the German Patent and Trade Mark Office 
for patents in 2015. An experimental multi-frequency generator was built and used for 
testing of several new ideas, such as transmitting the data using several carrier 
frequencies at the same time, transmitting the data with different wave forms (sine, 
sawtooth, triangle and rectangle), or transmitting the data using the chirp modulation. The 
innovative design of the experimental multi-frequency generator was registered at the 
German Patent and Trade Mark Office for patents in 2016.  
At the receiver end, two different methods for processing and analyzing the received 
multi-frequency signals using the Wavelet and Fourier analysis were drafted and tested. 
A novel concept for the use of a multi-sensor receiver was developed and successfully 
tested. The use of a multi-sensor receiver could strongly improve the detection of the 
received signals.   
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 CHAPTER 1  Introduction 
 
Production of oil and gas from its underground reservoirs requires the construction of 
deep wells which act as a path between the reservoirs underground and the production 
stations above ground. Some reservoirs are located deep, may be several kilometers under 
the seafloor, others could be reached through deep wells of 4-6 kilometers, which, 
however, have to be extended horizontally along the reservoir for many kilometers in 
order to increase the contact area between the production well and the reservoir, raising 
the produced amount of oil and gas.  
 
Drilling of such extreme deep wells and precisely reaching the target area can only be 
performed using the best available high-tech equipment, where for example several 
measuring sensors are integrated in the lower part of the drill string above the drill bit. 
Some measuring sensors allow a constant control of the drill path. For example, the 
inclination and azimuth of the drill path are continuously measured during drilling. If the 
current well path deviates from the planned one, directional corrections can be initiated 
by the drilling team at the surface. Other sensors are used for monitoring the drilling 
process. For this purpose they continuously measure, for example, the bending moment 
in the drill string, weight and torque on bit, vibrations and shocks on bit, well 
temperature, drilling mud pressure, etc. The measuring tool including these sensors is 
known as MWD (Measuring While Drilling) system. There is another measuring tool, 
called LWD (Logging While Drilling) system. During the drilling process, LWD sensors 
measure the rock properties, which are the most decisive and interesting for reservoir 
engineers, such as porosity and permeability. 
 
The sensors perform their measurements at the bottom of a several thousand metres deep 
borehole. Thus, the measured data have to be transmitted for several kilometres from the 
bottom of the borehole to the surface. The data could be transmitted using a cable, a 
wired drill pipe (cable inserted in the drill pipe wall), or electromagnetic or acoustic 
waves. However, because of various reasons (higher cost, short reach, etc.) the methods 
mentioned last are still not the first option to be used for data transmission in deep 
boreholes. The most commonly used telemetry system for data transmission in boreholes 
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is the so-called mud pulse telemetry (MPT), see Figure 1.1. In order to remove the drill 
cuttings from the bottom of the borehole, drilling mud is pumped through the drill string 
towards the bottom hole. The drilling mud carrying the drill cuttings flows again to the 
surface in the outer annular space between the drill string and the borehole wall. The 
drilling mud inside the drill string will be used as a transmitting channel for the mud 
pulse telemetry. Therefore, the mud pulse telemetry can be considered and called as a 
hydraulic data transmission system. 
 
 
Figure 1.1: Principle of mud pulse telemetry system 
 
Before transmitting the measured data to the surface they are processed and transformed 
into a binary code, which is consisting only of zeros and ones by an underground 
computer. Thereafter, the mud pulse telemetry sends the information by means of coded 
pressure pulses (or fluctuations) via the mud channel. For downhole pressure pulses 
generation, the conventional mud pulse telemetry utilizes one type of four devices 
available: positive pulser, negative pulser, mud siren or oscillating shear valve. The 
pulsers are transmitting the data by quasi-static variations of the pressure level over a 
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shear valve are generating continuous pressure waves at specific frequencies. At the 
surface, the receiver (pressure sensor) is fixed to the standpipe which connects the mud 
pumps and the drill string. The resulting pressure variations in the drill string can be 
detected through this pressure sensor and forwarded to a surface computer which again 
translates the recorded pressure variations back into measured values which are shown at 
the work platform. 
 
In spite of the fact that the mud pulse telemetry is still the most frequently used telemetry 
system in the field, it still has a main problem represented in its low data transmission 
rate. The achieved data rate is usually less than 10 bit/s, which is very low compared to 
the amount of raw data measured downhole. This limited data rate is the main reason for 
the need for intense raw data processing in the bottom hole assembly before the 
compressed signal can be transmitted. Thus, the capacity of the downhole data 
transmission system must be improved so that the data can be transmitted at higher 
transmission rates. The present work is primarily concerned with developing and testing 
new approaches to increase the data transmission rate of the mud pulse telemetry system. 
Based on the standard design of the common digital communication system, Figure 1.2 
illustrates the basic elements of MPT as a hydraulic data transmission system.  
 
 
Figure 1.2: The basic elements of a hydraulic data transmission system 
 
All the developed concepts and the executed investigations focus only on the transmitter 
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demodulation methods. The rectangle with a grey background in Figure 1.2 shows the 
work area in the present research work. All the other elements of the transmission system 
were not taken into consideration.  
 
An essential part of this work is to develop new transmitter devices for hydraulic data 
transmission that are able to transmit the data at rates higher than those of conventional 
MPT systems. One concept is based on combining of two conventional types of MPT 
devices, such as a combination of a positive pulser and a mud siren. In this case, the 
system is called a hybrid mud pulse telemetry (HMPT) system. In a second concept, two 
approaches were developed for a multi-frequency mud siren. In order to investigate the 
data transmission in boreholes using several frequencies, an innovative experimental 
multi-frequency generator was built and tested. On the other hand, two concepts were 
developed regarding the receiver end. In the first concept, the Wavelet analysis will be 
applied to processing the received multi-frequency signal. The second one is represented 
by the use of a flexible placement of a multi-sensor receiver for a better detection of the 
transmitted signal. 
  
After introducing the main goal of the present work in Chapter 1, an introduction to the 
modern drilling technology and to the low data rate of the mud pulse telemetry system as 
a problem with respect to the whole drilling operation is given in Chapter 2. Chapter 3 
presents the fundamentals of modulation techniques and digital signal processing tools 
for the data transmission in boreholes. The state of the art for mud pulse telemetry 
systems and the transmission limitations are presented in Chapter 4. A brief description 
of the developed concepts and approaches during this research work is given in Chapter 
5. Chapter 6 presents the laboratory test facility with its experimental prototypes and 
numerical model. The investigation results of the transmission tests using the hybrid mud 
pulse telemetry are presented in Chapter 7. Chapter 8 presents the mathematical and 
numerical study of the multi-frequency mud siren. Chapter 9 presents the investigation 
results of the data transmission tests using several carrier frequencies and the analysis 
using Fourier and Wavelet tools. The investigation results of the use of a multi-sensor 
receiver are presented in Chapter 10. The last Chapter, Chapter 11, concludes the 
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very hard. Therefore, multiple wells are created from the same surface location. This case 
is widely applied on offshore drilling platforms. The Hydrocarbon reservoir can exist 
underneath populated cities or areas, where the drilling rigs cannot be operated. 
Directional drilling technology enables to drill a deviated well from a location existing in 
a few kilometers outside of the populated city into the hydrocarbon reservoir under this 
city. When a wellbore is suffering a blowout, another well called relief well can be drilled 
deviated towards the blowing well creating an injection path, through which an extreme 
heavy drilling mud will be pumped down into the bottom hole of blowing well in order to 
kill it and stop the blow out (Reich, 2012). As an example, the blowing out of the deep 
water well in the Gulf of Mexico in April 2010, where two relief wells had to be drilled 
to depth of 5,486 m in order to kill the blowing well (Devereux, 2012). Directional 
drilling is a very important technique not only regarding the drilling costs and challenges 
but also regarding the well productivity after the drilling phase. Today it is common 
practice, that in order to increase the produced amount of hydrocarbons the wellbore must 
be horizontally as long as possible placed along the hydrocarbon–bearing layer. The 
wellbore, whose horizontal section is at least two or three times longer than its vertical 
section, is called an extended reach well. The record breaking wellbore has a vertical 
section of about 3,048 m and a horizontal section of about 9,144 m (Reich, 2012). 
Drilling such wellbores, as in examples mentioned above, and successfully placing it 
according to a certain path into the target area can only be performed using the best 
available high-tech equipment, in the first instance steering head, measuring while 
drilling and logging while drilling systems. The steering head is used in order to deviate 
the well path as needed. 
 
2.1.2 Steering technology 
In the early 1980s, steerable motor technology was introduced making a change in 
directional drilling capability. Prior to the use of steerable motor, a combination of 
turbine/bent-sub assemblies and conventional rotary assemblies was used in order to 
perform directional drilling operations. Changing the well trajectory was made by using 
turbine/bent-sub assembly only in the sliding mode, building/dropping inclination or 
turning the well. After the desired azimuth/inclination and trajectory were achieved, a 
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roundtrip was made to replace the turbine/bent-sub assembly with a conventional rotary 
bottom hole assembly (BHA) and continue the drilling operation. Each time an 
unacceptable change or tendency in the well path occurred, two roundtrips would be 
made. One roundtrip would be made to run a turbine/bent-sub BHA to get the well path 
back on track. The second one would be made to run the conventional rotary BHA again 
and continue the drilling. Steerable downhole motor BHA is typically composed of a mud 
motor section and a bent housing device. Such assembly can be used for drilling in a 
combination of both sliding and rotary drilling modes (Berger et al., 1999). In case of 
rotary drilling mode, the drill string rotates, usually at 60 to 100 rpm (revolution per 
minute). The bent in the downhole motor rotates in turn with the same rotational speed. 
The directional behavior of the BHA assembly will not be affected and a straight section 
will be drilled. In case of drilling with a sliding mode, the drill string rotation is stopped 
and the drilling operation is continued only by the power of the downhole motor directly 
above the drill bit. In this case, the bent in the motor is constantly pointing in the same 
direction. The motor follows the bent and a curved well section is created (Reich, 2012). 
 
However, using drilling motors without drill string rotation became more challenging as 
the engineers continuously tried to extend the length of the horizontal sections of the 
wells, for instance in case of offshore drilling rigs. Since the mostly offshore drilling rigs 
are associated with expensive investments and must be located at the same location and 
cannot be moved to another one, many wells as possible should be drilled down into all 
possible directions so that the production of oil and gas can be maximized. Drilling such 
long horizontal well sections requires steering with downhole motor, which in turn 
requires stopping the drill string rotation. But on other side, the static friction effect 
increases during drilling without string rotation and consequently makes drill string 
pushing forward in the borehole very difficult. The problem described above can be 
overcome by rotating the drill string during drilling. However, steering the well path by 
using steerable downhole motors in rotary drilling mode is not possible. Therefore, a new 
steerable system was developed, whereby the steering can be done with continuous drill 
string rotation. The new developed drilling system, the so called rotary steerable system 
(RSS), was commercially used in the 1990s. It could be considered as the dominant 
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drilling system in the field of horizontal drilling and extended-reach wells. The modern 
steerable system is very complex and equipped with several sensors in order to monitor 
the drilling path and correct it as needed even without the influence of the driller at the 
surface (Reich, 2012; Berger et al., 1999). 
 
2.1.3 Measuring technology 
It should be taken into consideration that the successful steering of the well path is done 
depending on directional data and geological information collected in real time while 
drilling. Therefore, the lower section of the drill string above the drill bit, called bottom 
hole assembly (BHA), is equipped with sophisticated sensors to determine the directional 
and formational parameters (Berroa and Reich, 2015). The typical bottom hole assembly 
(BHA) contains two main measuring systems, measuring while drilling system (MWD) 
and logging while drilling system (LWD), (Taylor et al., 2010). The introduction of 
measuring while drilling (MWD) in the late 1980s successfully improved the navigation 
of the drill string (Berrob and Reich, 2015). The MWD system usually consists of three 
subsystems: the downhole sensor unit, the telemetry unit to transmit the measured data to 
the surface in real time and the surface receiver unit, where the transmitted data are 
received, processed and finally displayed in the useful format (Gravley, 1983). MWD 
systems measure the directional parameters such the inclination (INC), azimuth (AZI) 
and tool face orientation (TFO) at the drill bit. Depending on the directional data, an 
approximate path of the wellbore can be computed (Reich, 2012). Due to the importance 
of the directional drilling data they are constantly represented (digitally) on a screen on 
the rig floor (Reich, 2012; Gravley, 1983). Further information such as weight on bit 
(WOB), temperature, mud pressure, torque, bending moments and dynamic effects on the 
BHA may also be provided by the MWD (Berrob and Reich, 2015). 
 
In the 1990s, Logging While Drilling (LWD) tools were added to the bottom hole 
assembly (BHA) to complement the directional data with formation data. The real time 
LWD systems provide reliable information about the porosity, permeability, hardness and 
the pore content of the drilled formation. Moreover, it is possible to determine the pore 
pressure and to take samples from the formation (Berrob and Reich, 2015). LWD systems 
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can also provide primary evaluation of the formation being drilled. LWD systems contain 
Compensated Dual Resistivity tool (CDR), which in turn measures the resistivity and 
spectral gamma ray of the rocks being drilled (Hansen and White, 1991). Depending on 
the rock specifications resulting from the formation evaluation while drilling, the well 
path can be precisely steered into the target area. Such steering based on real time 
measured formation parameters is called in real time geo-steering (or geological steering) 
(Hansen and White, 1991; Reich, 2012). Recent image logs have become state of the art, 
as they create an azimuthal image of the collected data from the wellbore (Tollefsen et 
al., 2007). 
 
2.1.4 Technology of data transmission in boreholes 
As previously explained the bottom hole assemblies are equipped with a wide variety of 
measuring sensors, which collect geological and directional data while drilling. The 
collected data are analyzed and processed downhole. In order to enable the driller to 
correctly make decision, the information must be transmitted to the surface in real time. 
Any system for transmission of data or information consists of three main parts: the 
transmitter unit, the transmission channel and the receiver unit. In the transmitter unit the 
measured data will be analyzed and processed. Thereafter the transmitter sends the data 
in the form of specific waves over a specific channel. Depending on the kind of the 
carrier waves generated by the transmitter as well as on the kind of the used transmission 
channel, there are four main systems commercially available for data transmission in 
boreholes. These are: mud pulse telemetry, electromagnetic telemetry, acoustic telemetry 
and wired pipe telemetry. The so-called mud pulse telemetry (MPT) system was 
introduced into the oil and gas industry began in the late 1970’s (Schnitger and 
Macpherson, 2009). MPT system uses the drilling mud inside the drill string as a 
transmitting channel, therefore it is considered as a hydraulic transmission system. Before 
transmitting the measured data to the surface they must be translated into a binary code, 
thus the data will be represented as a series of zeroes and ones by an underground 
computer. MPT system sends the information by means of coded pressure pulses (or 
fluctuations) via the mud channel. By means of a pressure sensor, attached to the 
standpipe which connects the mud pumps and the drill string, the resulting pressure 
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variations in the drill string can be measured and forwarded to a surface computer which 
detects and translates the recorded pressure variations back into values which are 
displayed on a display at the work platform (Reich, 2012).  Electromagnetic telemetry 
(EMT) was commercially introduced into the oil and gas drilling operations first in 1987. 
The downhole measured data will be coded and transmitted in the form of 
electromagnetic waves. The electromagnetic waves propagate from the bottom hole 
assembly to the surface through the formation surrounding the wellbore. At the surface 
the electromagnetic waves will be received and processed in order to extract the decoded 
transmitted data (Rodriguez et al., 2013). The downhole measured data can be 
transmitted by acoustic waves propagated up the drill string wall. Such a transmission 
system is known as acoustic telemetry system (AT). The first commercial introduction of 
the acoustic telemetry system into drilling operations was in 2000 (Shah et al., 2004). The 
measured data can be transmitted by using a cable as a transmission channel as in the 
case of the wired drill pipe telemetry (WPT). The commercial introduction of the wired 
drill pipe telemetry (WPT) into the drilling operations was early in 2006 (Ali et al., 
2008). Special drill pipes are developed and manufactured, so that a high speed data cable 
(coaxial cable) is mounted along the drill pipe within its wall. Retransmitting the data 
from a pipe to the adjacent pipe is done by using inductive coils integrated in the 
connection tool joint between each two drill pipes (Nygaard et al., 2008). 
 
An optimal telemetry is that one which can transmit the downhole information at high 
data rates over a long distance with a high reliability. Such telemetry must be cost 
effective and workable with all drill rigs as well with all standard drill pipes used by the 
drilling operations. Several scientific and technical papers have described the efficiency 
of the available transmission systems regarding their achieved data transmission rates and 
operation depths. Figure 2.2 presents the mean or maximum data rates and transmission 
reaches achieved by the available telemetries. Besides its low data rates, another 
disadvantage of EMT is its limited operation depths because of the high formation 
resistivity and signal attenuation. Despite its operations in a combination with a casing 
antenna system the achieved transmitting reach was limited up to 3,840 m and the data 
rate up to or more than 6 bit/s (Rodriguez et al., 2013). A maximum data rate up to 12 
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bit/s and a record operation depth of 4,267 m were mentioned by (Janwadkar et al., 




Figure 2.2: Highlights of the transmission telemetries with respect to their data transmission rates and operation depths 
 
Similarly to EMT, AT has low data rates and limited operation depths. It could be 
operated in vertical and directional land wells with operation depths of less than 2,500 m. 
This is because of the significant attenuation encountered by the acoustic waves. The 
attenuation in the signal strength becomes greater in the horizontal applications, so that 
the transmitting reach of AT is reduced to just about 800 m. Extension of the operation 
depths of AT up to 4,000 m can be achieved by installing acoustic repeaters with certain 
distances between each other along the drill string. The new AT system, containing 
repeater stations along the drill string, is known as acoustic telemetry network. The 
acoustic telemetry network can allow data transmission at rates more than 30 bit/s 
(Reeves et al., 2011). WPT is the most rapid telemetry, it can transmit the downhole data 
at higher rates up to 57,000 bit/s over a transmission distance of approximately 4,287 m 
(Reeves et al., 2006). However, WPT can be considered as the most expensive telemetry, 
because it cannot be used with the standard drill pipes which are utilized by all the 
drilling rigs worldwide. Its applications demand the use of very special drill pipes in 
MPT EMT AT WPT
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Due to its high reliable, cost effective operations, long reaches, MPT is still the most 
frequently used telemetry as well as in the foreseeable future. However, its data 
transmission rates are still low and cannot keep up with the amount of data collected 
downhole. This problem will be described in the following section with respect to the 
whole drilling operation. 
 
2.2 Low data transmission rate as a problem with respect to the whole 
drilling process 
Recent drilling activities have widely been expanded, so that the drilling operations 
nowadays cover different environments and more challenging oil and gas reservoirs, such 
as deepwater and ultra-deepwater reservoirs in the Gulf of Mexico or those found in 
arctic areas. The drilling activities become more and more challenging. High-tech BHAs 
with MWD and LWD tools are developed to be continuously used and operated in harsh 
environments with temperatures up to 175°C and pressures up to 620 bars. They are able 
to withstand shocks of approximately 4,903 m/s2 (Rodriguez et al., 2013). For successful 
drilling applications, especially in challenging environments, many issues such as 
optimizing the drilling operations, increasing their reliability and cost efficiency, 
maximizing the reservoir productivity through an enhanced well placement, and 
increasing capability for real-time decisions during the drilling operation become more 
essential. Consequently, the amount of the required downhole information measured and 
logged while drilling must widely be increased (Cooper and Santos, 2015; and 
Emmericha et al., 2016). 
 
For optimizing the drill process, which in turn allows faster drilling and costs saving, data 
about the drilling dynamics are needed. Collecting data about the wellbore stability and 
pressure will allow a drilling process with more safety and reliability. Maximizing 
reservoir productivity in the subsequent phase (production phase) requires precise 
wellbore placement within the reservoir. For this purpose, formation evaluation data are 
needed (Cooper and Santos, 2015). Reservoir navigation is based on a combination of 
many measured data, such as deep azimuthal propagation resistivity imaging, improved 
resistivity imaging, density and gamma imaging, fluid analysis, sampling and magnetic 
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measuring and logging while drilling tools. Consequently, the log quality will be reduced, 
making the log interpretation and data extraction at the surface very difficult. Avoiding 
the decrease in the data density can be achieved by speeding up the data rate of the 
transmission telemetries or by slowing down the rate of penetration. However, slowing 
down the ROP leads to extra costs which must be avoided. In contrast, increasing the data 
transmission rate does not have such negative effects and can enable the operator to 
effectively use the downhole measured data in real time (Wassermann et al., 2008). 
Furthermore, the current advances in drill bits technology can lead to a high rate of 
penetration (ROP). High ROP in turn is another challenge, where keeping the data 
density at the same level demands also the data transmission rate to be increased 
(Emmericha et al., 2016). 
 
Due to its high reliable, cost effective operations, long reaches, mud pulse telemetry is 
still the most common used telemetry for data transmission in boreholes. In order to keep 
up with the other advances in the modern drilling technology, such as the increased 
amount of the data collected downhole, high rate of penetration (ROP) and high data 
density or log quality, the data transmission rates of the mud pulse telemetry must be 
increased. 
 
Within the scope of the present work innovative concepts for speeding up the mud pulse 
telemetry system are developed and investigated. Before presenting the developed 
concepts and the achieved results, it is necessary to give an overview of some basic 
fundamentals of communication technology, code modulation techniques and signal 
processing that are related to the present work. In addition, state of the art a brief 
description of the transmission process using mud pulse telemetry and the challenging 
coming from the transmission channel (drilling mud column) and other limitations as 
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 CHAPTER 3  Fundamentals of Communication Technology 
 
3.1 Modulation techniques for data transmission in baseband 
Mud pulser telemetry is used to transmit downhole data to the surface in real time. By 
baseband transmission, the data are transmitted in a sequence of discrete pressure pulses 
which propagate via the drilling mud to the surface carrying the encoded information. For 
generating such discrete pressure pulses, negative or positive pulsers can be used. Before 
transmitting the measured data to the surface they need to be translated into a binary code 
using code modulation techniques. There are many different modulation codes for 
baseband transmission. According to Ulrich (2009) and Das (2010), Figure 3.1 shows 
how to modulate a bit stream using three common modulation techniques for transmitting 
the data via the mud pulse telemetry. They are return-to-zero (RZ), non-return-to-zero 
(NRZ) and Manchester (or split-phase) modulation. 
 
 
Figure 3.1: Examples for modulation techniques used for baseband transmission 
 
With return-to-zero (RZ) modulation, a binary ‘one’ is represented by the presence of a 
pulse within the bit interval (or time slot). The presence of the pulse must take place just 
in the first half of the bit interval. The absence of the pulse within the bit interval 
represents a binary ‘zero’, see Figure 3.1. With non-return-to-zero (RZ) modulation, each 
binary digit is represented by a certain pulse level within the bit interval. For instance, the 
high level (pulse presence) represents the binary ‘one’, while the binary ‘zero’ is 
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represented by the lower level (pulse absence), see Figure 3.1. With the Manchester code 
modulation (split-phase), there is always a change in the level in the midpoint of each bit 
interval. A binary ‘one’ is represented by a level increase taking place in the middle of 
the bit interval, while the level decrease in the middle of the bit interval represents a 
binary ‘zero’, see Figure 3.1. With all the above mentioned modulation techniques, 
opposite representing of the binary digits (ones and zeros) is also possible.  
 
Each code modulation technique has its specific advantages and disadvantages. For 
instance, detecting pulses modulated with RZ or Manchester code modulation is more 
difficult than those modulated with NRZ, since the  pulses modulated with NRZ 
modulation are wider than the pulses modulated with RZ or Manchester code modulation 
(1/2 time slot). But by using NRZ modulation, a long sequence of ones or zeros for 
example will lead to the risk of losing the synchronization and bit error, correspondingly. 
This problem can be overcome by using the Manchester code modulation. However, this 
code modulation requires more movements of the pulser valve because the level must be 
changed in the midpoint of each bit interval. The last described code modulations encode 
the information depending on the presence and absence of pulses. These techniques are 
known as pulse code modulations (PCM).  
 
However, there are further modulations used for baseband transmission, where the 
information is encoded by varying one of the pulse specifications such as its amplitude, 
duration or width. Once the encoding is carried out by varying the pulse amplitudes, the 
applied modulation is called pulse amplitude modulation (PAM). In pulse duration 
modulation (PDM) all the pulses have the same amplitude but they differ from each other 
in their adjusted durations. By using PDM, one of the pulse edges is fixed in time 
sequence while the other one varies according to the value of the information to be 
transmitted. In another encoding type, called pulse width modulation (PWM), both pulse 
edges are varied with time. Compared to PDM, in pulse position modulation (PPM) a 
short pulse is used instead of a variable pulse width or duration (Foster, 1965). 
 
3.2 Modulation techniques for data transmission in passband 
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binary digits (one and zero). For instance, the binary ‘one’ can be represented by the 
same carrier wave in phase (no phase change), while the carrier wave at a phase shift of 
180° represents a binary ‘zero’ (Das, 2010). By all the above mentioned modulation 
techniques, opposite representing of the binary digits (ones and zeros) is also possible. 
 
3.3 Multiple frequency and chirp spread spectrum modulation 
techniques 
In wireless communication and networks the data rate (R) is defined as the rate in bit per 
second at which the data are transmitted. The time in second needed by the transmitter to 
emit the bit is known as bit duration. Another term should be taken into consideration is 
the modulation rate. Modulation rate (D) is the rate at which the signal is changed to 
represent a defined number of signal elements or symbols per second. Consequently, it 
can be simply defined as symbol rate per second and expressed in baud. The data rate can 




where (M) is the number of the signal symbols that can be represented and used for 
transmitting the data. It can be calculated using Equation 3: 
 
 
where (L) is the number of bits transmitted per each signal symbol. Representing a signal 
with its components in the frequency range is called the signal spectrum. The width of the 
signal spectrum is known as bandwidth. Each medium has in turn a transmission 
bandwidth which is mostly wider than the required bandwidth for transmitting a certain 
signal. Therefore, multi-signals can be transmitted simultaneously by modulating each 
signal onto a different carrier frequency. When more than two carrier frequencies can be 
used for signal encoding and transmitting, multiple frequency shift keying (MFSK) can 
be applied. Each signal element or symbol (M) is transmitted onto a constant carrier 
frequency and encodes L bits. It should be noticed that in this case more than one bit will 
be transmitted in each signal symbol. For instance, by using four carrier frequencies for 
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Both chirp signals are linearly frequency modulated with a constant amplitude. Figure 3.4 
shows an example of encoding the chirp signals with ASK and OOK. One of the greatest 
advantages of transmission with CSS is its robustness against noise and interferences 
coming from the transmission environment (Yoon, 2011). 
 
3.4 Digital signal processing 
 
3.4.1 Fourier transformation 
In many cases it is very difficult to identify the signal characteristics by only looking at 
the raw data. Therefore, in order to make the desired information available, different 
analysis methods must be used and applied to the data. One of the most commonly used 
methods is the so-called Fourier Transformation. Hereby, the data signal will be 
decomposed into its underlying frequencies. By applying the Fourier transformation the 
output data signal will be transformed from the time domain into the frequency domain 
(or spectrum) providing information on the contained frequency components as well as 
the associated amplitudes. After processing the data signal in the frequency domain, it 
can be retransformed again into the time domain using the Inverse Fourier 
Transformation (Thuselt and Gennrich, 2013). According to Werner (2010), both Fourier 







Normally, in practice the values of a time-based signal are available only at discrete time 
points and in a finite number. An example in practice is when the value to be measured is 
sampled in certain time intervals during a measurement. In this case Discrete Fourier 
Transformation (DFT) must be applied for analyzing the data signal. However, analyzing 
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 CHAPTER 4  State of the Art for Mud Pulse Telemetry 
Systems 
 
4.1 Historical development of mud pulse telemetry including latest 
improvements applied for increasing its data transmission rate 
The first description of the current mud pulse telemetry system was published by Arps in 
1964. The described MWD system transmitted downhole data by generating discrete 
pressure pulses using a plunger valve. The achieved data rate was extreme low, less than 
1 bit/s, (Hutina et al., 2001). An LWD system using a rotary valve to transmit data to the 
surface was patented by Mobil Oil in the early 1960s. The downhole data were 
transmitted by generating a continuous pressure wave up to 24 Hz and using phase shift 
keying as a code modulation. The developed system could generate a pressure signal with 
a source amplitude of 6.9 bars and achieve data rates up to 3 bit/s. Based on this concept, 
the currently used mud siren was developed by Schlumberger. The first commercial 
MWD mud pulse telemetry system was introduced by Teleco in 1978. The Teleco 
telemetry used a poppet valve that could generate discrete pressure pulses. In comparison 
to the rotary valve signals, the created pressure pulses had higher amplitudes, so that their 
detection at the surface could be successfully executed even in hard environments such as 
deep wellbores and loud hydraulic pump noise. Transmission rates up to 2 bit/s could be 
achieved. The power supply by this telemetry is provided by a powerful multistage 
turbine and oil pump. In order to reduce the electrical power consumption, new mud 
pulse telemetry was developed by Dresser. The main valve of mud pulse telemetry is 
driven by a pilot valve which in turn is operated by an electrical drive. 
 
Until the 1990s, the achieved data rates were up to 3 bit/s and enough for transmission of 
downhole data. Due to the introduction of new LWD tools and rotary steerable drilling 
systems and many other real-time drilling dynamic tools in the 1990s, the achieved data 
rate at that time was no more sufficient. Drilling operations with such very low data rates 
will demand decreasing either the ROP or the data density. To avoid that, the 
transmission rate of the mud pulse telemetry system had to be increased (Wassermann et 
al., 2008). On the other hand, during its propagation towards the surface the generated 
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mud pulse telemetry signal encounters many challenges, such as signal attenuation, 
surface and drilling noise, signal reflection inside the pipe system, in addition to the 
maximum downhole signal strength. These factors limit the telemetry transmission rates. 
In most cases, prediction or adjusting of those factors is not possible. Furthermore, their 
properties can change during the transmission process. A highly flexible telemetry system 
had to be developed in order to transmit the downhole data at maximum possible rates 
under those limiting boundary conditions. Adaption of the downhole and surface 
operating settings had to be achievable during the drilling process. Taking into 
consideration all the last mentioned challenges, in 2001 Baker Huges INTEQ developed a 
novel mud pulse telemetry system, known as oscillating shear valve pulser (Klotza et al., 
2008). The shear valve pulser was used in deep water off Norway (at operation depths up 
to 6,706 m) by Norsk Hydro ASA in 2006. In 2007, the shear valve system was used off 
Brazil by Petrobars (Wassermann et al., 2008). In addition to the North Sea and South 
America, the new system was successfully run in field-trials in the United States and the 
Middle East (Klotzb et al., 2008). 
 
The Oscillating shear valve was the newest mud pulse telemetry system. The 
developments are not related only to the downhole unit, such as using a precise motor 
controller, but also to the surface unit. The developed telemetry system uses a new 
surface data acquisition unit with sophisticated signal processing algorithms to maximize 
the data rates. The surface unit utilizes two pressure transducers, one at the standpipe and 
the other at a certain distance on the same line. By using two pressure sensors instead of 
just one, a diversity of signal processing algorithms can be applied in order to clean the 
telemetry signal of noise signals coming from surface equipment such as pressure 
fluctuations caused by mud pumps. In order to perform digital signal processing, the two 
measured pressure signals must be converted from analog into digital format. For this 
purpose, the two signals are passed through a data acquisition system. Pump noise 
cancellation, diversity processing and band filtering are executed in the data acquisition 
and signal processing unit in order to achieve a maximum Signal-to-Noise Ratio (SNR). 
Inter-Symbol Interferences caused by reflections of the telemetry signal on the pulsation 
dampener and diameter changes in the surface pipe system can be reduced by applying an 
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equalization filter (Klotza et al., 2008). According to Emmerichc et al., 2016, developing 
and introducing the oscillating high-speed shear valve pulser to the drilling operation, 10 
years ago, can be considered as the start of the next age of mud pulse telemetry, known as 
High-Speed Mud Pulse Telemetry (HSMPT). Due to the introduction of the new drilling 
optimization, new MWD and LWD tools, reliable high data rates were more challenging. 
This was an important reason to improve the reliability of HSMPT to cover the market 
demands. Increasing the reliability can be achieved by improving the surface signal 
processing algorithms and the decoding quality. For this purpose, an initial calibration for 
the algorithms must be executed. Due to the changes in drilling conditions and 
environment, the transmission channel will be dynamically changed. Therefore, the 
calibration must be updated during the drilling process. For the calibration a special 
transmitting control sequence, known as training sequence (TS), is sent by the oscillating 
shear valve. The TS is detected by the surface controls to be used after that for 
automatically calibrating adjustable filters at the receiver. Because of many reasons such 
as high signal attenuation in very deep wells and signal distortion, detecting of TS 
becomes more challenging. In order to increase the reliability in TS detection and, 
consequently, the reliability of the HSMPT, Baker Hughes has improved the detection 
method by using an adjusted training sequence and applying new noise reduction 
algorithms. The improved system is used in more than 300 field runs in deep boreholes 
up to 8,000 m and it has achieved a success rate of 100% in decoding (Emmerichc et al., 
2016). 
 
However, developing the oscillating shear valve and its use as high speed mud pulse 
telemetry do not mean that the other types of mud pulsers are not used anymore. In the 
meantime innovative improvements are applied to the other pulser types in order to 
increase their capability to be used in ultra-deep drilling operations. For instance, 
Schlumberger has further improved its mud siren system to be used with a high data rate 
in an ultra-deep environment, more than 15 Km. Enhancements are integrated into the 
software and hardware of the telemetry system leading to duplicate the data transmission 
rate. A key element was the use of advanced modulation techniques such as quadrature 
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disc with a higher frequency will generate passband pressure signals. A further advantage 
of the oscillating shear valve is its increased tolerance against lost circulation material 
(LCM). The angle of the oscillating rotor can be adjusted by means of downlinking or 
prior programming of the tool. The angle can be reduced in order to increase the flow 
area enabling LCM materials to pass through the downhole BHA (Klotzb et al., 2008). 
 
4.3 Limitations of data transmission via mud pulse telemetry 
The drilling mud inside the drill pipe is used as a channel for transmitting MWD/LWD 
data. Mud sirens or mud pulsers are used as a transmitter. They transmit the data by 
means of pressure waves or pulses. Pressure waves are created by transforming the 
kinetic energy of the mud siren (or pulser) into potential energy (into pressure in this 
case). The created pressure wave travels in the mud channel towards the surface at the 
speed of sound in the mud, which ranges from 1,000 to 1,600 m/s depending on the mud 
properties (Martin et al., 1994). It should be taken into the consideration that the drilling 
mud inside the drill string is a very complex transmission channel. Several parameters 
affect the telemetry pressure wave during its propagation via the mud channel. Beside the 
effect of the transmission channel, the data transmission via mud pulse telemetry is 
limited to a minimum transmission time slot, at which the transmitted information bits 
can be successfully detected and decoded at the surface unit. 
 
4.3.1 Effect of noise sources in the mud channel on the transmission signal 
Due to the very complex drilling dynamics in the borehole, there are several sources of 
noise that affect the telemetry pressure wave in the mud channel. Mud pumps are one of 
the loudest sources of hydraulic noise encountered by the telemetry pressure waves. 
Operating the mud pumps at specific stroke rates causes a harmonic movement of the 
pump pistons. Due to this harmonic pistons movement, pressure variations are induced 
and travel downward in the mud channel (Hutina et al., 2001). By means of a pressure 
sensor mounted at the top of the drill string, also very close to the pumps, the pressure 
inside the drill string is measured (Reich, 2012). Thus, the measured pressure signal 
contains the pressure waves created downhole by the MWD telemetry system and the 
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representable symbols. These are parallel transmission in baseband and in passband, 
multi-frequency mud siren (or multi-frequency generator). However, development and 
investigation works are related not only to the transmitter end but also to the receiver end. 
Developments and improvements must be made on the receiver end to keep up with the 
new capacity of the developed transmitter, especially the high ability to detect different 
simultaneous frequencies. On the other side, increasing the date rate of hydraulic data 
transmission system could be achieved by increasing the potential of successful signal 
detection depending on the variable receiver position. Thus, the works undertaken on 
receiver end include investigation of the detection of a multi-frequency signal with 
Wavelet algorithms, investigation into the effect of the receiver position on the measured 
signal and investigation into the effect of different wave forms on the transmission 
quality. 
 
5.1 Transmitter end 
 
5.1.1 Hybrid mud pulse telemetry (HMPT) 
The mud pulse telemetry uses the drilling mud inside the drilling string as a channel for 
transmitting the downhole date to the surface. To date, the conventional mud pulse 
telemetry transmits the downhole data either in baseband using pressure pulser (positive 
or negative) or in passband using rotating or oscillating mud siren, see Figure 5.1 (left 
part). Physically, there is only one transmitting channel available to be used, which is the 
drilling mud. But from a technical side, the transmitting channel can be used twice, where 
the date can be transmitted in base- and passband at the same time. Parallel transmitting 
in base- and passband can enable a more effective use of the only one available 
transmitting channel. This is the main idea of the developed concept hybrid mud pulse 
telemetry (HMPT). HMPT uses mud siren in a combination with a pressure pulser to 
transmit the downhole date parallel in base- and passband, see Figure 5.1 (right part). 
 
An increase in the data transmission rate is expected using HMPT. The question is how 
much could be the data rate increased with this new telemetry compared to the 
transmission rate achieved by the conventional mud pulse telemetry. 
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Figure 5.1: Transmitting either in baseband or in passband by conventional mud pulse telemetry (links), parallel 
transmitting in base- and passband using hybrid mud pulse telemetry HMPT (right) 
 
The data transmission rate could be duplicated, if the pressure pulser and mud siren are 
operated in practice using the same transmission time slot. In this case two bits, one bit 
via the siren and one bit via the pulser, could to be transmitted in each time slot. 
However, the mud siren and pressure pulser do not work at the same time slot in the 
practice. The mud siren has a higher transmission speed than the pressure pulser, because 
it works at a time slot smaller than that used by pressure pulser. As shown in the 
transmission examples presented in Figure 4.11, the mud siren can transmit the data at a 
smaller time slot (0.167 - 0.1 s). The pressure pulser works at a time slot which is relative 
larger than 0.1 s. Depending on the experience of the scientific researchers of the Institute 
of Drilling Engineering and Fluid Mining, which is gained thorough different cooperation 
projects with oil and gas companies, a time slot of up 0.5 s is used by the pressure pulser. 
This must be taken into the consideration by developing the concept of HMPT. In order 
to make the hybrid mud pulse telemetry (HMPT) implementable in the practice, it must 
work at two different time slots. Each component of the HMPT system (mud siren and 
pressure pulser) must work at its own workable transmission time slot. By using HMPT, 
two individual (different) information signals can be transmitted at the same time, one via 
the mud siren and the other one via the pressure pulser. The approach of the hybrid mud 
pulse telemetry (HMPT) is widely investigated during this work and the results are 
presented and discussed in Chapter 7. 
Hybrid mud pulse telemetry
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two concepts have been intensively investigated through mathematical and numerical 
models. The developed models and the results will be represented in Chapter 8. 
 
The investigations described in Chapter 8 show that the generation of several frequencies 
based on the multi-frequency siren concept is very difficult. For instance, interference 
frequencies are generated and they considerably complicate the data transmission. On the 
other side, multi-frequency transmission seems to be a very promising concept to 
increase the hydraulic data transmission rates. Therefore, a basic research is required in 
order to investigate the whole process of multi-frequency transmission with its potential 
to be used in hydraulic data transmission. Such a basic research includes the investigation 
of multi-carrier signal generation and its propagation in the pipe system as well as its 
receiving at the receiver side. In order to study the behavior of several frequencies 
travelling simultaneously through the drill string, an experimental multi-frequency 
generator using a unique setup of special loudspeakers was designed and built (Chapter 
9). The speaker assembly works like a conventional loudspeaker, allowing the user to 
create several clear frequencies at the same time. The speaker unit allows a much easier 
generation of independent frequencies than the multi-frequency siren, thus providing an 
ideal environment for initial basic research. The use of such a multi-frequency generator 
makes it possible to investigate and evaluate the application of new multi-frequency 
transmission techniques such as the chirp spread spectrum in the hydraulic data 
transmission area, see Chapter 9. 
 
Moreover, using the developed experimental multi-frequency generator different wave 
forms (sinus, rectangular, saw etc.) can be generated. Within the frame of the 
improvement work, it will be investigated if the measured pressure signal at a certain 
wave form has a better quality or amplitude in comparison with other wave forms. 
Furthermore, the developed experimental multi-frequency generator has enabled 
performing data transmission tests using one of the latest radio technologies, chirp 
modulation or chirp spread spectrum (CSS). The CSS allows transmitting the data with a 
high robustness against noise and interferences coming from the transmission 
environment. The investigation results are represented in Chapter 9.   
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5.2 Receiver end 
 
5.2.1 Investigation of the Wavelet analysis suitability for multi-frequency signal 
detection 
To date the receiving unit has to deal with a single frequency signal. During this work, 
concepts for generating multi-frequency signals are to be developed and tested. 
Consequently, the receiving unit must be able to detect and identify such signals 
generated by multi-frequency siren or generator. It is expected that the Wavelet analysis 
could be a suitable method to be used for signal processing at the receiver end. During a 
previous research work at the IBF, a novel method for extracting and detecting the 
transmitted signals at the receiver end of the flow loop was developed. The new method 
is based on the Wavelet algorithm. The Wavelet analysis is recognized through its ability 
to extract weak signals coming from the downhole mud siren from the dominant noise in 
the standpipe. Moreover, it enables the identification of the used carrier frequency, its 
period and its discontinuity positions in the signal. 
 
For instance, a synthetic time signal containing four carrier frequencies (11, 17, 35 and 
67 Hz) is created. As shown in Figure 5.2, the four carrier frequencies are switched on 
and off independently from each other. In its upper part Figure 5.3 shows the created 
signal in time domain. The corresponding Wavelet analysis in the lower part clearly 
shows the different frequencies as colored bands. On the time axis on the bottom of the 
chart the start and the end point as well as the duration of each individual frequency can 
clearly be assigned. 
 
 
Figure 5.2: Creating a synthetic time signal containing four carrier frequencies with different time discontinuities 
11 Hz 11 Hz
17 Hz 17 Hz 17 Hz
35 Hz 35 Hz
67 Hz 67 Hz 67 Hz 67 Hz
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The positions, where the pressure fluctuates are minimum, are known as pressure nodes. 
While pressure antinodes refer to the positions of the maximum pressure fluctuations. 
 
 
Figure 5.4: Pressure nodes and antinodes for a carrier wave propagated inside a pipe and the use of multiple measuring 
sensors 
 
As mentioned in (4.4.4), the capacity of the transmission channel is reduced, since 
transmitting the data should be executed just in the passbands, where transmission 
frequencies have large amplitudes. The passband and thus the useful transmission 
frequencies are changing depending on the drill string dimensions, the specific mud 
parameters and the position of the receiver. At the same mud properties and drill string 
dimensions, the resulting pass- and stopbands at a certain time are related to the 
considered measuring position, also to the pressure sensor position.  
 
To date, just one measuring sensor is used at the receiver end in the field. But as 
described above, the generated wave shows different pressure amplitudes, also pressure 
nodes and antinodes, along its propagation way inside the drill string towards the surface. 
The position, where the pressure sensor is located at the drill string, has therefore a great 
influence on the received signal. As shown in Figure 5.4, if the carrier wave is measured 
just at the measuring position 1, the carrier wave will be measured at its minimum 
pressure amplitude and the corresponding carrier frequency will be located in a stopband. 
Consequently, it cannot be used for transmitting the data. While measuring the same 
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will enable to record the carrier wave with a large amplitude or even with its maximum 
pressure amplitude. Accordingly, the same carrier frequency will not be located in a 
stopband but in a passband and can be used for transmitting the data at the same 
boundary conditions. 
 
Therefore, further improvements in the detection of the carrier pressure signals can be 
achieved by using a receiver unit consisting of multiple measuring pressure sensors. The 
use of such multiple measuring sensors will help to overcome the transmission limitation 
of stopbands and improve the detection of pressure carrier waves at the surface. 
Consequently, the capacity of the transmission channel will be increased.  
 
According to Garg (2007), the use of multiple receiver elements in a combination with 
one single or multiple transmitter elements is one of the smart wireless communication 
antenna techniques. The transmission case, where multiple receiver elements used in a 
combination with one transmitter element, is called SIMO (Single-Input, Multiple-
Output). When multiple receiver elements and multiple transmitter elements are 
simultaneously used, the transmission case is called MIMO (Multiple-Input, Multiple-
Output).  
 
The effect of the pressure sensor position on the measured signal and the use of multiple 
measuring sensors will be investigated numerically and laboratively in the context of the 
present work. The both transmission cases, the use of multiple receiver elements with one 
single transmitter (SIMO) and the simultaneous use of multiple receiver and transmitter 
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 CHAPTER 6  Laboratory Test Facility and Used Hard and 
Soft Tools 
 
6.1 Laboratory test facility for hydraulic data transmission in boreholes 
In order to investigate the data transmission in boreholes, a test facility (flow loop) was 
built during a previous research work at the Institute of Drilling Engineering and Fluid 
Mining (IBF) of the TU Bergakademie Freiberg. The data transmission test facility can 
be considered as a unique device in the academic sector. The wellbore is represented by a 
40 m long test pipe. The used pipes are made of PVC (Polyvinyl Chloride) and have a 
maximum operating pressure of 10 bars. At one end mud pulser modules (MPT unit) can 
be installed as transmitters, and at the other end a centrifugal pump connected to a 1 m3 
water tank is used to supply the water circulation in the pipeline with an adjustable flow 
rate. The maximum flow rate is 40 m3/h. In addition, an actuator system is incorporated 
to generate an interfering noise signal with a defined frequency and amplitude, thus 
simulating real wellbore conditions. The main signal receiver (pressure sensor P1) is 
fixed close to the pump. To gain a better understanding of the pressure wave propagation 
behavior, three other sensors (P2, P3 and P4) are installed along the pipeline at specific 
distances between each other. The used pressure sensors have a measuring range between 
0 and 6 bars. The measured signals are shown on a computer display inside a measuring 
cabin using a LabVIEW program. Here, the time signal and its frequency spectrum can 
be displayed in real time. The LabVIEW program enables recording of the measured 
signal and saving it on the computer desktop. In this way, the signal can be later 
processed in other programs such as MATLAB. With the existing test facility only one 
pulser module can be installed and operated, and the length of the usable experimental 
pulser is limited to 60 cm. Also the available LabVIEW program is able to operate and 
control the transmission test with only one pulser module. However, during the present 
research work a hybrid mud pulse telemetry must be tested, where two pulser modules, 
for example positive pulser and mud siren, must be installed and operated 
simultaneously. A multi-frequency generator should be developed and used to generate 
multi-frequency signals from different transmitting positions. Moreover, another research 
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The whole transmitter section is made of transparent plastic pipes, so that the interesting 
flow process during and shortly after the signal generation can be visually investigated. 
Furthermore, the length of the single pulser module to be used is any longer limited to 60 
cm, but it can be longer as the construction designs demand. As the schematic illustration 
of the test facility (Figure 6.1) shows, two isolating valves are installed before and after 
the transmitter section. The two valves are used to isolate the transmitter section during 
integration or removal of a pulser reducing the amount of lost water. 
 
The pipeline, except for the transmitter section, has an internal diameter of 57 mm. In 
contrast, the internal diameter of the transmitter section is 99.4 mm. For smooth water 
flow from pipeline into transmitter section as well as for smooth signal propagation from 
transmitter section into the pipeline an adapter was built between the pipeline and the 
transmitter section. The adapter, as shown in Figure 6.1, consists of three pipes with 
different lengths and internal diameters and has a total length of 4.6 m. The whole 
pipeline system of the test facility after extension, inclusive of the transmitter section and 
its adapter, has a total length of 90.5 m. According to the hardware changes and updates 
of the test facility, the operating software must be changed. Therefore, a new operating 
software using a LabVIEW software was programed and installed, whereby the 
transmission process with up to four pulser or transmitter modules can be set up and 
regulated at once. 
 
The interface user guide (IUG) of the new software is shown in Figure 6.2. In the new 
software, the actuator system can be operated in a frequency range of 0 – 10 Hz and in 
steps of 0.2 Hz, while the operating frequency range in the old software was 0 – 5 Hz and 
in steps of 0.5 Hz. The induced pressure signals can be measured, displayed and saved 
with a high resolution, also with a sampling rate up to 5,000 Hz. With the new software, 
audio signals which are prepared prior to the test can be sent and recorded. The multi-
frequency generator is used as a transmitter for such signals. Moreover, it is now possible 
to adjust the frequency, the phase, the offset, the wave form as well as the source 
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The Momentum Equations: 
 
 
where the stress tensor, , is related to the strain rate by 
 
 
In all simulation cases (steady and unsteady state simulations), the shear stress transport 
turbulence model and the high resolution advection scheme were applied. The whole 
research work was executed under room temperature, and the modeled system, therefore, 
was considered as an isothermal one. Accordingly, there is no need for solving the energy 
equation. The required information to perform a CFD analysis is passed through five 




Figure 6.8: The structure of ANSYS CFX (redrawn), (Manual ANSYS CFX Introduction, 2006)  
 
Firstly, a mesh of the system to be investigated must be generated. In ANSYS CFX-Pre 
the generated system mesh or meshes, in case the system consists of many different parts, 
should be imported. After that the flow physics, boundary conditions, initial values and 
solver parameters must be specified. In the next step, all the solution variables for the 
simulation for the problem specification generated in ANSYS CFX-Pre are solved using 
the ANSYS CFX-Solver. The ANSYS CFX-Solver Manager enables the user to: 
 Specify the input files to the ANSYS CFX-Solver. 
 Start/stop the ANSYS CFX-Solver. 
 Monitor the progress of the solution. 
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 Set up the ANSYS CFX-Solver for a parallel calculation. 
 
Moreover, it enables the exporting of the solver results (as an output.csv or output.dat 
file) giving the possibility to process the simulation results. Interactive analyzing and 
presenting the ANSYS CFX simulation results can be performed using ANSYS CFX-
Post which provides state-of-the-art interactive post-processing graphics tools (Manual 
ANSYS CFX Introduction, 2006). 
 
6.4 MATLAB software 
All the measured signals are processed using the MATLAB software and its available 
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7.1 Combination of mud siren and negative pressure pulser 
Transmission test (1): Two different data strings were transmitted see Table 7.1. The 
first data string consisted of 11 bits and was transmitted via the mud siren using a 
transmission time slot of 0.8 s. The information bits were modulated using frequency 
shift keying (FSK) and transmitted using carrier frequencies of 44.5 and 61 Hz. The 
second data string consisted of 9 bits and is transmitted via the negative pulser using a 
time slot of 1 s and non-return to zero (NRZ) as a code modulation. The transmission test 
was executed at a flow rate of 30.6 m3/h. 
 
Table 7.1: Data strings transmitted via the mud siren and negative pulser in the transmission test (1) 
First data string transmitted 
via the mud siren 0 1 0 1 1 0 0 1 0 1 1 
Second data string transmitted 
via the negative pulser 0 0 1 0 1 1 0 0 1 
 
The two generated signals propagated in the drilling mud (water) channel and were 
received at the receiver (P1) as a single pressure signal. Therefore, a special processing of 
the received pressure signal was required to extract the two transmitted data strings. For 
this purpose, an available MATLAB code was updated and further extended. The 
developed MATLAB code consisted of two main parts, see Figure 7.3 and Figure 7.4.  
 
The first part is for processing the measured pressure signal and to extract and evaluate 
the data string transmitted in passband via the mud siren, as shown in Figure 7.3. The 
measured pressure signal (Figure 7.3.A) is transformed to the frequency domain (Figure 
7.3.B), where a passband filter, called mud siren filter, is applied to cancel all the signal 
frequency components which are not generated by the mud siren. The remaining signal 
after the filtration contains only the frequency components generated by the mud siren, in 
this case 44.5 and 61 Hz (Figure 7.3.C). The filtered signal is transformed again to the 
time domain (Figure 7.3.D), and is used as a basis input signal to be analyzed and 
evaluated using the Wavelet method (Figure 7.3.E). The corresponding Wavelet scales to 
the frequencies of 44.5 and 61 Hz are 18.3 and 13.3, respectively. The colored bands (red 
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value within each time slot is lower than the reference pressure value. The average 
pressure value is computed for each time slot and is compared with a reference pressure 
value. For this transmission test, the reference pressure value was set for 1.457 bars, see 
Figure 7.4.D. As shown in Figure 7.4.E, a binary bit ‘one’ is represented each time the 
average pressure value within a time slot is lower than the reference pressure value, 
otherwise the transmitted bit is ‘zero’. 
 
Transmission test (2): The transmission test was executed at a flow rate of 25.6 m3/h. 
Here, two different data strings were transmitted, see Table 7.2. The first data string 
consisted of 10 bits and is transmitted via the mud siren using a transmission time slot of 
0.65 s. The information bits were modulated using on/off keying (OOK) and transmitted 
using a carrier frequency of 43 Hz. The corresponding Wavelet scale to the frequency of 
43 Hz is 18.9. The second data string consisted of 7 bits and is transmitted via the 
negative pressure pulser using a transmission time slot of 0.9 s and modulated using non-
return to zero (NRZ). For evaluation the signal transmitted via the negative pulser, a 
reference pressure value of 0.956 bars was used. Both information signals could be 
successfully received and processed. The evaluation and analysis of the two data strings 
transmitted and received during this test are presented in Appendix (Figure 7.8 and 
Figure 7.9, respectively). 
 
Table 7.2: Data strings transmitted via the mud siren and negative pulser in the transmission test (2) 
First data string transmitted 
via the mud siren 1 1 0 1 1 0 0 1 0 0 
Second data string transmitted 
via the negative pulser 0 0 1 0 1 1 0 
 
7.2 Combination of mud siren and positive pressure pulser 
Transmission test (3): The transmission test was executed at a flow rate of 20.2 m3/h. 
Two different data strings were transmitted, see Table 7.3. The first data string consisted 
of 8 bits and is transmitted via the mud siren using a transmission time slot of 0.5 s. The 
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7.3 Evaluating the laboratory investigations of the hybrid mud pulse 
telemetry (HMPT) system 
Several transmission tests were executed to investigate the hybrid mud pulse telemetry 
system. The HMPT system was investigated using different types of combinations. The 
mud siren was combined with the negative pressure pulser. In other tests, the mud siren 
was also combined with the positive pressure pulser. The HMPT system was tested at 
different operation parameters, also at different flow rates and thus at different pressures 
inside the mud channel, different bit stream lengths, different bit durations or time slots. 
 
Moreover, the HMPT system was investigated using combinations of different code 
modulations. Some transmission tests were made using the combination of on/off keying 
(OOK) with non-return to zero (NRZ), and other tests using the combination of frequency 
shift keying (FSK) with non-return to zero (NRZ). All the transmission tests were 
effectively executed. All the bit strings were successfully transmitted, received and 
decoded. The data string transmitted in the baseband via the pressure pulser (positive or 
negative) could be successfully extracted and decoded from the pressure signal measured 
at the main receiver (pressure sensor P1). Likewise the data string transmitted in the 
passband via the mud siren could be extracted and decoded. Thus, the results of the 
laboratory investigations mentioned above confirmed the functionality of the hybrid mud 
pulse telemetry system. 
 
Assuming that the HMPT system is operated at the same time slots used in practice (0.1 s 
for mud siren and 0.5 s for pulser), an increase in the data transmission rate of 20% can 
be achieved compared to the data rate achieved by mud siren alone using a time slot of 
0.1 s. As mentioned in (4.2), the downhole data are sent in a fixed sequence within a 
telemetry data frame to the surface. For example, it could have been determined that the 
inclination of the borehole, then the azimuth, then the rock hardness, then the porosity of 
the rock, etc., is to be transmitted. When all the data have been transmitted, the process 
would be repeated again from the beginning. In practice, this means that each individual 
measured value is only updated at relatively long intervals. Due to each drilling process 
stage or conditions, some measured values are more important and more urgently to be 
transmitted to the surface than the others. For instance, resistivity and gamma ray values 
- 67 - 
 
are more important than azimuth or other variables during the reservoir navigation. In 
contrast, the resistivity and gamma ray are less important than inclination and azimuth 
during drilling an inclined well section outside of the reservoir. This can be taken into the 
consideration in order to use the HMPT system in a beneficial way. For instance, the 
most particularly interesting data during the drilling process can be selected and 
transmitted to the surface in a faster sequence than the less important ones. The master in 
the HMPT system sends the less important data via the slower pressure pulser to the 
surface, while the more important or critical data, at the moment, are sent via the faster 
mud siren. The distribution of the data on the two transmission components is variable 
and can be changed during the drilling process. Figure 7.7 gives an illustration of such an 
approach for a practical use of the HMPT system for the data transmission in boreholes. 
 
 
Figure 7.7: Illustration of a practical approach for using the HMPT system for data transmission in boreholes 
  
The developed approach is very new and has not been mentioned in the literature. The 
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equal to F2 – F1. According to the example presented in Figure 8.3, the third frequency 
in this case could be F3 = 5 Hz – 2 Hz = 3 Hz. The part D of Figure 8.3 shows the 
calculated free flow area in case of the frequency of 3 Hz. For each time step, the 
calculated flow area (part D) is equal to the resulted shared flow area (part C). This 
confirms that the third carrier frequency (F3) created through the shared flow area is 
equal to F2 – F1. Also, in case of the parallel connection and for the same reason, the 
created shared flow area, a third frequency (F3 = F2 – F1) is expected to be generated. 
 
8.2 Mathematical model investigation of different approaches for the 
multi-frequency mud siren concept 
The single mud siren has one stator and one rotor. The rotor can be rotated (or oscillated) 
against the stator making continuous changes in the open flow area, which leads to 
generate continuous pressure waves with a specific frequency. The developed 
mathematical model is focused only on the change in the pressure ( P) created by the 
moving of the rotor against the stator. The developed mathematical model was made 
based on many assumptions. It was assumed that the flow rate (Q) and the fluid density 
( ) are constant. The fluid compressibility was not taken into consideration. Accordingly, 






For simplifying the calculations, the used flowing medium is considered as water having 
a constant density ( ) of 998 kg/m3. The water flows at a constant flow rate (Q) of 35 
m3/h. Thus, the change in the pressure during the rotor moving at a certain time depends 
only on the total flow area at that time. The total flow area (TFA) is defined as the flow 
area, in the rotor-cross-sectional area, that is open at a certain time and the water can flow 
through it. The simulated multi-frequency mud siren uses multiple stators and rotors. 
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maximum flow section area through each rotor (SFA) is the same. There is a space 
between the two stator/rotor sets as well as between the second stator/rotor set and the 
internal pipe wall.  
 
 
Figure 8.7: Geometry and dimensions of the two stator/rotor sets in case of parallel connection 
 
The flow area in the space between the two sets is called space flow area (SPFA), while 
the flow area in the space between the second set and the internal pipe wall is called 
clearance flow area (CFA). Figure 8.8 shows flow areas at different cases. The water with 
its flow rate (Q) will flow across the two rotors and through the clearance and space flow 





Thereafter, the calculated total flow area at each time step is set into the Equation (14) in 
order to calculate the resulting change in the pressure at that calculation step. Based on 
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8.3 Numerical model investigation of multi-frequency mud siren with 
two sets of stator/rotor in a row 
According to the results of the mathematical model investigations, the approach “multi-
frequency mud siren with two sets of stator/rotor in a row” was the best regarding the 
source amplitude of the generated pressure signal and its carrier frequencies as well.  
Therefore, the approach of multi-frequency mud siren with two sets of stator/rotor in a 
row will be further investigated. For performing such investigations at the test facility, 
two sets of stator/rotor (or two mud sirens) are required. Unfortunately, there is only one 
stator/rotor set (one mud siren) available for the use at the test facility of the Institute of 
Drilling Engineering and Fluid Mining. Therefore, the approach “multi-frequency mud 
siren with two sets of stator/rotor in a row” will be investigated during the present 
research work using a numerical simulation model. 
 
As mentioned in Chapter 6, a basic numerical simulation model for the test facility and 
for the laboratory mud siren was created in ANSYS CFX during a previous research 
work. The ANSYS CFX model depends on solving a set of equations which are 
described in (6.3). For hydraulic data transmission it is very necessary to consider the 
compressibility of the flowing medium (water). This can be achieved by using the 
Equation (19) according to (Ismaier and Schlücker, 2009) and (Yan et al., 2010). The 
water density will be calculated depending on the reference density ( ), reference 




The used wave speed in the executed numerical simulation is 462 m/s. The most of the 
pipe sections of the test facility lie horizontally. There is a pipe section that lies vertically 
and connects the pump and the horizontally pipe section. The hydrostatic pressure of this 
vertical section must be taken into the consideration. Therefore, the gravitational 
acceleration was activated in the ANSYS model, and the magnitude was defined for each 
direction. For x- and y-axes the gravity magnitude was set to zero while in z-axis it was 
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result is presented in the Appendix. All simulation runs are available in the provided 
DVD. The simulation results confirm the results obtained by the mathematical model for 
a multi-frequency mud siren with two sets of stator/rotor in a row. The two desired 
frequencies (F1 and F2) and a third frequency (F3 = F2 - F1) will be generated.   
 
Based on the simulation and mathematical investigation results of the concept “multi-
frequency mud siren using two carrier frequencies”, the transmission concept must be 
updated to be usable with a third frequency. For example, Table 8.3 gives a new code 
concept for transmitting two bits per time slot using three frequencies. Another solution 
could be the development of a method to compensate the third frequency (interface 
frequency) or any other unwanted frequencies. In other words, in order to detect 
successfully only the desired carrier frequencies with reasonable amplitudes (see Chapter 
10). 
 
Table 8.3: Code concept for transmission of two bits per time slot using three frequencies 
 
 
8.3.3 Increasing the transmission reach of the mud siren for deep drilling operations 
The main disadvantage of the mud siren is the low transmission reach compared to the 
pressure pulser. The main cause is the high attenuation of the mud siren signal. In order 
to extend the transmission reach of the mud siren, the intensity of the mud siren signal 
must be increased, so that the SNR at the receiver end is high enough for a successful 
detection of the mud siren signal. Increasing the intensity of the mud siren signal can be 
achieved by taking the advantages of the use of two sets of stator/rotor. The two 
stator/rotor sets can be adjusted so that the two rotors have the same phase and work at 
the same rotational speed and to generate the same carrier frequency. In this case, the 
Rotor 1 Rotor 2 15 Hz 39 Hz 24 Hz Code
off off - - - 0 0
on off + - - 1 0
off on - + - 0 1
on on + + + 1 1
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intensity of the measured signal and its one carrier frequency at the main receiver is much 
higher than in the case where only one rotor is turned on. For instance, two simulation 
runs were made to generate the carrier frequency of 18 Hz. In the first run only the first 
rotor was turned on, while both rotors were turned on in the second simulation run. 
Figure 8.14 presents the simulation results of the pressure signals (left) and the frequency 
analysis of the resulting signals (right). In both time and frequency domains, the resulting 
signal from the transmission case (18 + 18 Hz) shows a higher intensity than the signal 
resulting from the transmission case (18 + 0 Hz). An increase in the signal intensity of 
approximately 40 % was achieved. 
 
 
Figure 8.14: Predicted pressure signals (left) and frequency analysis (right) for transmission cases (18 + 0 Hz) and (18 
+18 Hz) 
 
However, simulation results are not sufficient to give an exact evaluation of the 
investigated concept. It should be verified by making laboratory investigations which 
demand in turn construction and building of the suitable prototype for each concept or 
approach. 
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 CHAPTER 9  Laboratory Investigations of Multi-Carrier 
Hydraulic Data Transmission Using an Experimental Multi-
Frequency Generator 
 
To date, the passband date transmission in boreholes is performed using the conventional 
mud siren. The used mud siren is able to generate only one carrier frequency within each 
time slot. Using multi-carrier frequencies for transmitting the data in passband could 
significantly increase the hydraulic data transmission rate in boreholes. Such a concept is 
very new and not be applied to date for data transmission in boreholes. Initial 
investigations are therefore required. As presented in Chapter 8, using two mud sirens in 
a row for simultaneous generating of two carrier frequencies could not work without 
problems. Therefore, a new transmitter tool with the capability to generate a multi-carrier 
signal was required for performing the aimed investigations.  
 
In addition to the multi-carrier transmitting, new ideas for improving the hydraulic data 
transmission in boreholes were to be investigated in the context of the present work. 
Chirp Spread Spectrum (CSS) is one of the latest radio technologies and allows a data 
transmission with a high robustness against noise and interferences (described in 3.3, 
Chapter 3). It was very interesting to investigate the data transmission in boreholes using 
the CSS, since the hydraulic noise and interferences significantly affect the telemetry 
signal. The available mud siren prototype is also unable to generate such CSS signals.  
 
To date, the used rotating and oscillating mud sirens transmit the data in boreholes in 
passband by generating coded sinusoidal pressure waves. Therefore, it should be 
investigated whether different wave forms could be better and more suitable for the 
passband data transmission in boreholes. For instance, the main disadvantage of the 
pressure waves generated by mud sirens is their lower transmission reaches in 
comparison to the pressure waves of generated by the pressure pulsers. In the context of 
the present research work, investigations had to be executed to find out whether other 
wave forms have a higher transmission reach than the sine wave. Sawtooth, triangle, 
rectangle and sine wave forms were to be investigated and compared with each other. 
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Hz, could be very suitable for transmitting the data. These bands were considered as 
stopbands by the first transmission function measurement (before extension). Depending 
on the new analysis result, several carrier frequencies were selected from the available 
passbands. For the first transmission test a set of six frequencies, called set 1, is selected 
so that the frequencies lie with some distance to each other. These frequencies are: 11, 
15, 19.5, 28.5, 39 and 45 Hz. For a transmission test with carrier frequencies that are as 
close to each other as possible, a set of three frequencies of 11, 13 and 15 Hz are selected 
and called set 2.  
 
Both multi-frequency sets (1 and 2) were modulated using OOK code modulation and 
transmitted using a time slot of 2 seconds for each symbol. In the transmitting case using 
set 1, 64 different symbols can be modulated and 6 bits can be transmitted via each 
transmission symbol. In the case of set 2, 8 different symbols having three bits can be 
modulated. For instance, Table 9.1 illustrates the modulated transmission symbols for the 
transmission set 2. A list of the modulated transmission symbols that can be transmitted 
with set 1 can be found in the Appendix. 
 
Table 9.1: Transmission options for set 2 using three carrier frequencies (11, 13 and 15 Hz) 
Symbol 3 Carrier Frequencies 
Number Bits 11 Hz 13 Hz 15 Hz 
1 0 0 1 off off on 
2 0 1 0 off on off 
3 0 1 1 off on on 
4 1 0 0 on off off 
5 1 0 1 on off on 
6 1 1 0 on on off 
7 1 1 1 on on on 
8 0 0 0 off off off 
 
Figure 9.4 shows the STFT analysis of the transmitted multi-frequency signal set 1 
measured very close to the transmitter, also at P3. The six carrier frequencies gradually 
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By developing an approach for multi-carrier frequency data transmission in boreholes, 
the worst-case scenario must be also taken into consideration. The worst-case scenario 
could happen, if one carrier frequency, at least, for any reason could not be successfully 
received and evaluated. This will strongly affect the data decoding at the receiver end. In 
the worst case, the data decoding could be totally failed out. For instance, in the 
transmission test using set 1 presented above, the 64 transmission symbols were 
modulated depending on the states (on/off) of six different carrier frequencies 
simultaneously. Assuming that the carrier frequency of 11 Hz could never be received 
and extracted from the measured signal at the receiver end, this will lead to decoding 
error in all the 64 transmission symbols. Actually, it is possible that more than one 
frequency could be not received. 
 
The aim was to speed up the transmitting of the downhole telemetry data frame. In the 
transmission tests mentioned above, multi-carrier frequencies were used simultaneously 
to modulate and transmit each individual word of the data frame. Here, the transmission 
time for each individual word was reduced, several symbols can be modulated and 
multiple bits can be loaded in each symbol. But in order to avoid the worst-case scenario, 
when at least one frequency could not be received and, accordingly, the whole data frame 
could be failed out, another modulation method should be applied.  
 
Such a transmitting method is already applied in the wireless communication and 
networks; it is called the frequency division multiplexing (FDM). Here, many signals can 
be transmitted at the same time if each signal is modulated onto a different carrier 
frequency. The carrier frequencies must be sufficiently separated in order to avoid 
overlapping of the signals (Stallings, 2005).   
 
Thus, instead of transmitting each one word over several multi-carrier frequencies at the 
same time, each available individual carrier frequency could be used for modulating and 
transmitting of only one individual word. Here, the number of the transmission times 
within each data frame is reduced. Hence, only the two simple transmission symbols can 
be modulated, each one is loaded with only one bit (0 or 1). Assuming that six carrier 
frequencies, as in the transmission test set 1, could be used for transmitting the data 
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frame, then six different words could be transmitted simultaneously. Here, if one carrier 
frequency could not be received, then only one word has decoding errors and could be 
failed out, but not the whole data frame as in the first modulation option. The described 
modulation and transmitting method using FDM will increase the robustness of the multi-
carrier transmission system to be developed. An example for transmitting a telemetry 
data frame based on FDM method and using six carrier frequencies, for instance, is given 
in Figure 9.8.  
 
 
Figure 9.8: Example of a robust FDM method for transmitting the telemetry data frame over several carrier frequencies 
in boreholes 
 
9.2 Investigation of the Wavelet analysis suitability for the detection of 
multi-frequency signal transmitted in boreholes 
With the aim to improve the signal detection at the receiver end and to find out the best 
tools for processing multi-frequency signals transmitted via the hydraulic channel, a lot 
development work had to be done at the receiver end. One of the development works was 
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transmitted and measured frequencies are represented as colored bands, where the dark 
red refers to the higher amplitudes. Similar to the STFT analysis, analyzing a multi-
frequency signal using the same signal strength scale (also in one diagram) can make the 
frequencies detection more difficult. The difficulty increases with the Wavelet analysis, 
because in Wavelet analysis the color bands representing lower frequencies are stretched 
over a wide range. For instance, the color band for the frequency of 11 Hz was stretched 
and has reached in most cases the representing band of the frequency of 15 Hz. The color 
bands representing the higher frequencies are compressed and do not spread over a wide 
area of the diagram.  
 
But on other hand, the higher frequencies are located very close to each other. For 
instance, the frequency of 45 Hz was always sent during the transmission symbols (32, 34 
and 40). In the mentioned symbols the frequency 39 Hz was not transmitted. Due to the 
small distance between the representing locations of the two frequencies, the color band 
for the frequency of 45 Hz has also covered the location of the frequency of 39 Hz. This 
can lead to detection errors in all the mentioned symbols. Transmission symbols having 
fewer carrier frequencies that are not close to each other could be clearly visible, as in the 
case of symbols (33, 34 and 36).  
 
Once the transmitted frequencies are located close to each other on the Wavelet diagram, 
recognizing the correct state of the frequencies within the transmission symbol becomes 
more difficult. This problem can be encountered even in transmitting cases using a lesser 
number of carrier frequencies. Figure 9.10 presents the Wavelet analysis of the 
transmission test using set 2, where only three carrier frequencies but close to each other 
were used. The transmission symbol 5 gives a good example of the mentioned problem. 
Here, only the frequencies of 11 and 15 Hz were transmitted, but the color bands 
presented in the diagram look as if the frequency of 13 Hz was transmitted too. The color 
band representing the frequency of 11 Hz is stretched over a wide range. A successful 
evaluation of the measured transmission signals using Wavelet analysis requires, 
therefore, the separate analysis of each individual carrier frequency. In the STFT analysis 
it was sufficient to filter the interfering noise and to set the used scale of the signal 
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distributed over the used transmission band and recognized at the receiver end. But the 
chirp modulation could not contribute alone to increasing the hydraulic data rates, 
because each chirp requires a certain spreading time to be recognizable. In the presented 
example three seconds were required for generating a short chirp representing a symbol 
with four bits. This can be expressed as a data rate of 1.333 bit/s, which is much lower 
than the data rate of the single frequency mud siren. The main advantage of chirp 
modulation application in radio technologies was to make the transmission process highly 
robust against the strong interfering noise.  
 
Depending on the presented transmission test, it could be said that the chirp modulation 
was successfully applied to transmit the data even in the most noisy frequency range of 
the transmission band, also in the frequency window where the noise of the mud pump is 
dominant. This can be clearly recognized in the transmission symbols (7, 8, 9 and 10) in 
Figure 9.12. To date, transmitting the data via mud pulse telemetry using the 
conventional modulation techniques in the frequency range, where the noise of the mud 
pump is dominant, is not possible. This advantage of chirp modulation could be used in 
turn for increasing the data rate, where chirp modulation could be used for transmitting 
only two symbols (having one bit) or four symbols (having two bits) in the most noisy 
frequency range of the transmission band. At the same time, the used multi-frequency 
generator could transmit other data over several carrier frequencies (in other frequency 
ranges) using at least one of the conventional code modulations (like OOK).  
 
9.3.2 Data transmission using different wave forms 
For each wave form, pressure waves at a carrier frequency of 20 Hz were generated using 
the experimental multi-frequency generator. The signals with a duration of 10 s were sent 
from the transmitter position 3 and measured at P1. They were evaluated in time and 
frequency domains and compared with each other. A pass filter was applied to remove 
the hydraulic noise from the measured signals. Since each one of the investigated wave 
forms has its own harmonics and differs from the other waves, the applied pass filter was 
to be adapted according to the harmonic series of each wave type. Figure 9.13 and Figure 
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9.14 show the evaluation of the measured signal after filtration in the time and frequency 
domains, respectively.  
 
It was found that the rectangle wave has the highest measured amplitude in both time and 
frequency domains. According to the measured values in time domain, it could have a 
transmission reach of 33% higher than the reach achieved by using the standard sine 
wave. This could be explained by the area existing under the wave curve which, in turn, 
corresponds to the energy amount contained in this area for each used wave form. 
Assuming that the symbol (1) having a fixed duration or time slot (T) and a constant 
amplitude (A) would be transmitted with the mentioned wave forms. As shown in Figure 
9.15, for the same transmission parameters (F, T and A), the energy amount contained in 
the area existing under the wave curve for the rectangle wave form is the highest. And 
therefore, it could enable transmitting the data over longer distances. 
 
 
Figure 9.13:  Pressure signals with different wave forms after filtration sent from the third transmitter position and 
measured at P1 (transmission time = 10 s, carrier frequency = 20 Hz, audio amplifier = 90 clicks, sampling rate = 2000 
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CHAPTER 10  Investigation of the Use of a Multi-Sensor 
Receiver for Improving the Hydraulic Data Transmission in 
Boreholes  
 
The receiver position has a great influence on the received telemetry signal. The 
measured signal amplitude and, accordingly, the resulting pass and stopbands at a certain 
time are related to the considered receiver position. The propagated carrier wave has 
minimum pressure amplitudes at some certain positions (pressure nodes) and maximum 
pressure amplitudes at other certain positions (pressure antinodes). To date, the telemetry 
signal is measured at the surface using one or two receiver sensors. Overcoming the 
transmission limitations represented in the resulting stopbands and improving the 
detection of pressure carrier waves at the surface could be achieved by using a multi-
sensor receiver. Depending on the transmitter and receiver configuration, two 
transmission cases were investigated. In the first case, the use of a single transmitter and 
multiple receiver elements (SIMO) was investigated. In the second case, the simultaneous 
use of multiple transmitter and receiver elements (MIMO) was investigated. The use of a 
multi-sensor receiver was investigated numerically with the available ANSYS CFX 
model and laboratory by means of the experimental multi-frequency generator. The 
investigation results are presented in the next sections. 
 
10.1 Numerical model investigation of the use of a multi-sensor receiver  
 
10.1.1 Data transmission using single-input and multiple-output (SIMO) 
The available ANSYS CFX simulation model with one transmitter (single mud siren) was 
updated. To follow the carrier wave generated by the single mud siren and propagating 
towards the main receiver P1 and to find out the best measuring positions for a successful 
signal receiving and detection, several monitoring points were installed along the 
pipeline. As shown in Figure 10.1, 18 monitoring points are set between P3 and P2 (P2-1 
to P2-18). Similarly, 14 monitoring points are set between P2 and P1 (P1-1 to P1-14). 
The distance between each two adjacent monitoring points is 1 m. The transmission 
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frequency of 49 Hz at the considered monitoring points. The carrier wave was predicted 
at P1 with a much lower amplitude. But as expected, the same carrier wave could be 
predicted with higher or much higher amplitudes at other monitoring points. Such 
positons are also very close to P1. For instance, the predicted amplitude at the monitoring 
point P1-13, exactly at a distance of 2 m from P1, was 15 times larger than the amplitude 
predicted at P1.  
 
 
Figure 10.2: Predicted amplitudes in the frequency domain of the pressure wave with a carrier frequency of 49 Hz at 
several monitoring points   
 
By using a receiver unit consisting of just the main receiver sensor P1, the carrier 
frequency of 49 Hz was located in a stopband and could not be used for data 
transmission. Once another receiver located at a distance of 1 m (P1-14) or 2 m (P1-13) 
from the main receiver P1 (or more receivers) would be used, the 49 Hz carrier wave 
could be successfully measured and detected. Accordingly, the carrier frequency of 49 Hz 
could be used for transmitting the data. This was not possible in the case of the single 
main receiver P1.  
 
The investigation of the pressure wave generated with the carrier frequency of 53 Hz has 
shown the same results, see Appendix. The simulation results confirmed the theoretical 
description of the pressure nodes and antinodes for a carrier wave propagated inside a 
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10.1.2 Data transmission using multiple-input and multiple-output (MIMO) 
The investigation of the simultaneous use of two transmitters (two mud sirens or two 
stator/rotor sets) for increasing the data rate was presented in (8.3.1). The generated 
signals were predicted using only the main receiver P1. This case is known in wireless 
communication as MISO (multiple-input and single-output). It was found that the 
generation of two carrier frequencies at the same time is very complex. The two 
transmitters were operated to generate two frequencies (15 and 39 Hz), but at the main 
receiver a different couple of dominant frequencies was detected (15 and 24 Hz). The 
carrier frequency of 39 Hz was predicted with a much lower amplitude compared to the 
15 and 24 Hz. This was a main challenge for the use of the concept of the multiple sirens 
for simultaneous generating of several carrier frequencies.  
 
A solution should be found in order to compensate the interface or any unwanted 
frequency and successfully detecting and extracting only the induced carrier frequencies. 
The use of a receiver unit with multiple sensors could enable a successful detection of the 
two desired frequencies. For all the simulation runs represented in Chapter 8, a few 
monitoring points in addition to P1, P2, P3 and P4 were installed along the pipeline and 
used to maintain the comparability between the current numerical model and the first 
simulation model developed by Namuq et al. (2012), see the yellow cross points in Figure 
8.10. One of these monitoring points was located at a distance of 4.039 m from P1. 
Figure 10.3 presents the frequency analysis of the pressure signal predicted at P1 (upper 
section) and at a monitoring point at a distance of 4.039 m from P1 (lower section).  
 
The results show that the two induced carrier frequencies (15 and 39 Hz) could be 
successfully detected and the interface frequency (24 Hz) could be neglected with its 
minimum amplitude, when the measuring point is shifted for 4.039 m from P1. Thus, the 
use of a multi-sensor receiver can effectively help to overcome the challenges 
encountered by the data transmission using a multi-frequency mud siren, where the 
generated and desired carrier frequencies could be received with amplitudes sufficient to 
be recognized and detected. Consequently, the use of the multi-frequency mud siren in a 
combination with a multi-sensor receiver could increase the hydraulic data transmission 
rates in boreholes.  
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Figure 10.3: Frequency analysis of the pressure signal generated using two sirens connected in series and predicted at 
P1 (upper section) and at a monitoring point at a distance of 4.039 m from P1 (lower section)  
 
10.2 Laboratory investigations of the use of a multi-sensor receiver   
The experimental multi-frequency generator was used for the laboratory investigations of 
the use of a multi-sensor receiver. In this case, sweeps were sent from all the four 
transmitter positions. The generated wave will encounter many reflectors along the 
pipeline of the test facility. The first dogleg (kink) in the pipeline behind the pressure 
sensor P2 was considered as the first reflector. For simplification, only the propagation 
way between the membrane and the first reflector was considered during the 
investigations. Sending the sweeps from all the four transmitter positions could allow 
shifting the distance between the membrane and the reflector within a range of 3 m and, 
accordingly, to vary the existing pressure nodes and antinodes of the investigated carrier 
wave.   
 
Figure 10.4 shows the frequency spectra of the sweeps sent from all four positions and 
received at the pressure sensor P3. It could be noticed that the sweeps sent from all the 
Frequency analysis of the pressure signal predicted at P1 
(at a distance of 34.522 m from the stator-rotor-interface)
Frequency analysis of the pressure signal predicted at a monitoring point 
(at a distance of 30.483 m from the stator-rotor-interface)
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four transmitter positions and measured at P3 have shown an approximately equal 
strength in the low frequency range up to approximately 20 Hz. At higher frequencies, 
the measured sweeps significantly differ in some cases. 
 
 
Figure 10.4: Frequency spectra of sweeps sent from all four transmitter positions and received at P3, (modified), 
(Ehras, 2016) 
 
A focus was given to the waves with carrier frequencies of 58 and 60.45 Hz, since the 
carrier frequency of 58 Hz sent from transmitter position 4 was measured with its 
maximum amplitude and the carrier frequency of 60.45 Hz sent from transmitter position 
2 was measured at its minimum amplitude at P3. For a propagation speed of 462 m/s, the 
resulting wave lengths of the carrier frequencies of 58 and 60.45 Hz are 7.966 and 7.643 
m, respectively. The calculated positions of the pressure nodes and antinodes for the 
carrier wave with the frequency of 58 Hz sent from the transmitter position 4 and for the 
carrier wave with the frequency of 60.45 Hz sent from the transmitter position 2 are 
represented in Figure 10.5. 
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The distance from the membrane built in position 4 to the pressure sensor P3 is exactly 4 
m. The first pressure node for the 58 Hz carrier wave is located at a distance of 3.983 m 
from the membrane. Thus, the pressure sensor P3 is located at a pressure node for the 58 
Hz carrier wave, see the top section of Figure 10.5. Therefore, it was measured with its 
minimum amplitude as shown in Figure 10.4. The pressure sensor P3 is located at a 
distance of 2 m from the membrane built in position 2. The 60.45 Hz carrier wave sent 
from position 2 shows a first pressure antinode at a distance of 1.911 m from the 
membrane. This means that the pressure sensor P3 is approximately located at the first 
pressure antinode for the 60.45 Hz carrier wave, see the lower section of Figure 10.5. 
Therefore, it was measured with its maximum amplitude as shown in Figure 10.4.  
 
 
Figure 10.5: Calculated pressure nodes and antinodes for the 58 and 60.45 Hz carrier pressure waves sent from the 
transmitter positions 4 and 2, respectively   
 
The calculated pressure nodes and antinodes represented in Figure 10.5 show that the 
pressure sensor P2 is located at a position between the sixth pressure antinode and sixth 
pressure node in case of the 58 Hz carrier wave sent from transmitter position 4. In case 





















4 m19.01 m4.88 m P3P2
2 m19.01 m4.88 m P3P2
58 Hz carrier wave generated by the membrane from the transmitter position 4 
and propagated towards the first reflector, wave length = 7.966 m 
60.45 Hz carrier wave generated by the membrane from the transmitter position 2
and propagated towards the first reflector, wave length = 7.643 m 
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approximately located at the sixth pressure antinode. Therefore, it was expected that the 
58 Hz carrier wave sent from transmitter position 4 could be measured at P2 with a 
higher amplitude and the 60.45 Hz carrier wave sent from transmitter position 2 could be 
measured with its maximum amplitude. The frequency spectra of the sweeps measured at 
the pressure sensor P2 are represented in Figure 10.6. They show a slight deviation from 
the prediction presented in Figure 10.5.  
 
 
Figure 10.6: Frequency spectra of sweeps sent from all four transmitter positions and received at P2, (modified), 
(Ehras, 2016) 
 
Actually, the 58 Hz carrier wave sent from transmitter position 4 was measured at its 
maximum, and the 60.45 Hz carrier wave sent from transmitter position 2 was measured 
at a higher amplitude. The reasons for such a slight deviation could be that the 
constructive overlapping was different for the two investigated carrier waves. It could be 
that the propagation velocity of the wave inside the pipe is not constant at 462 m/s, since 
the pipeline has not only one internal diameter. The carrier wave will encounter many 
reflectors along its propagation way from the membrane towards the pump. However, 
only the first reflector behind the pressure sensor P2 was considered for creating the 
prediction of pressure nodes and antinodes represented in Figure 10.5. 
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The sweeps sent from all the four transmitter positions were also measured at the pressure 
sensor P4 which is located directly behind the transmitter section. The frequency spectra 
of the sweeps measured at the pressure sensor P4 are represented in Figure 10.7. In 
comparison to the sweep spectra measured at the other two pressure sensors (P3 and P2), 
it could be found that the generated waves were measured with much higher amplitudes. 
The pressure sensor P4 is directly located in front of the dogleg (kink) that connects 
between the transmitter section and the backflow pipeline. This dogleg behaves as a 
reflector. This in turn confirms that pressure antinodes are created close to the reflectors 
through the wave reflections.        
 
 
Figure 10.7: Frequency spectra of sweeps sent from all four transmitter positions and received at P4, (modified), 
(Ehras, 2016) 
 
10.3 Evaluating the use of a multi-sensor receiver for improving the 
hydraulic data transmission in boreholes 
The effect of the measuring position on the transmitted carrier signal and the use of a 
multi-sensor receiver as well were numerically and laboratively investigated. Different 
scenarios were applied and tested during the investigations. The investigations have 
demonstrated the great effect of the measuring position on the carrier signal transmitted 
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and propagated in a pipeline. The relationship between the measuring position and the 
positions of the pressure nodes and antinodes of the carrier wave determines whether the 
carrier wave could be measured with a higher/maximum or minimum amplitude. 
Therefore, the use of a single-sensor receiver in practice cannot successfully detect all the 
transmission carrier waves which have different configurations of pressure nodes and 
antinodes.  
 
The undetected or with minimum amplitudes measured carrier waves will be located in 
stopbands and cannot be used for transmitting the data. This does not mean, however, 
that those carrier waves are always located in stopbands. The existing stopbands are 
related to the used single-sensor receiver. Once another measuring sensor is used, 
different pass and stopbands can exist. A carrier wave with a certain frequency can be 
located in a stopband at a measuring sensor (I) but in a passband at another measuring 
sensor (II). For instance, the single carrier signals, 49 Hz and 53 Hz, were located in 
stopbands based on the measurement using only P1. Thanks to the use of the multi-sensor 
receiver, they could be measured with higher amplitudes and used for transmitting the 
data.  
 
Thus, the transmission limitation represented in the stopbands could be overcome by the 
use of multiple measuring sensors. This will increase the number of the carrier 
frequencies that are available to be used for data transmission. As a result, the capacity of 
the transmission system can be increased. It could also contribute to the increase of the 
data rates through the successful detection of the received signals.    
 
Detection of the two-frequency signal generated by the multi-frequency mud siren was 
very difficult by using a single-sensor receiver. Thanks to the use of the multi-sensor 
receiver, the two induced carrier frequencies could be successfully predicted and detected 
as shown in the transmission example (15 and 39 Hz). This could help to make the 
concept of multi-frequency mud siren usable in the practice. The investigations have also 
shown that the carrier waves could be predicted with a much higher amplitude when the 
measuring sensor is located very close to a reflector. For instance, Figure 10.2 has shown 
much higher amplitudes at the monitoring positions (P1-3, P1-4, P1-12 and P1-13), 
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which are located very close to reflectors. This issue was also confirmed through the 
laboratory investigation. Figure 10.7 has shown that the sweeps sent from all the four 
transmitter positions and measured at P4 were measured with higher amplitudes than at 
other pressure sensors (P2 and P3). The pressure sensor P4 is located much closer to a 
reflector. It could be claimed that pressure antinodes are created close to the reflectors 
through the wave reflections. It could be useful, therefore, to install one sensor at least 
near to an available reflector.   
       
The use of the multi-sensors receiver seems to be very promising for increasing the 
efficiency of the data transmission in boreholes. In practice, however, the standpipe 
connecting between the mud pumps and the drill string may not be suitable to install 
multiple pressure sensors. Instead, the top section of the drill string below the blowout 
preventer (BOP) could be used for installing such multiple pressure sensors. Assuming 
that carrier frequencies between 10 and 40 Hz are used for transmitting the data, and the 
generated pressure waves travel to the surface at a velocity of about 1300 m/s, then the 
top 50-100 m of the drill string below the blowout preventer could be used for installing 
the multiple pressure sensors. The data collected by these sensors could be retransmitted 
to the main receiver unit at the surface using electromagnetic waves, see Figure 10.8. For 
instance, at each measuring position a small unit including the pressure sensor plus an 
electromagnetic transmitter may be used.  
 
With the progress of the drilling operation, new drill pipes should be screwed onto the 
drill string. The drill pipes containing the multiple sensors should be tripped out of the 
borehole before screwing the new drill pipes. The drill pipes containing the multiple 
sensors will be screwed onto the top of the new drill pipes and run back into the 
boreholes. This process including tripping out of the drill pipes having multiple sensors, 
screwing of new drill pipes and finally running back the drill pipe with multiple sensors 
into the borehole, will take a lot of nonproductive time and, accordingly, additional 
drilling costs which must be avoided. In order to make the new approach suitable for the 
use in practice, the drill pipes containing the multiple sensors should be used as usual 
drill pipes and should not be tripped out before adding new drill pipes. The successful 
detection of the signal at the surface becomes more challenging with the increased 
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drilling depths. The large amount of data is required in drilling operations at depths of, 
may be, up to 3.000 m. Therefore, the drill pipes containing such multiple sensors could 
be used, for instance, only when the drilling depth is up to 3.000 m. The electromagnetic 
waves could be successfully transmitted and received over a distance of a 1.000 m. Once 
the drilling pipes containing the multiple sensors are away from the surface, may be more 
than 1.000 m, then this set of drill pipes should not be used any longer as a multiple 
receiver. Instead, a new set of drill pipes with multiple sensors could be screwed to the 
top of the drill string below the BOP and used for receiving the signals.   
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 CHAPTER 11  Conclusion and Outlook 
 
11.1 Conclusion  
Cost-effective drilling operations with high safety and precise placement of the last 
borehole section into the reservoir require transmitting the processed geological and 
directional data from the bottom of the borehole towards the surface with higher rates in 
real time. The mostly used system for data transmission in boreholes is the mud pulse 
telemetry. The main disadvantage of the mud pulse telemetry is its low data rates. 
Improvement of the data transmission rate was the main target of the present research 
work. Alternative methods for speeding up the data transmission of the mud pulse 
telemetry were to be developed and investigated.   
 
The mud pulse telemetry system, like any transmission system, consists of transmitter 
end, transmission channel and receiver end. The drilling mud inside the drill string is 
used as a transmission channel. The drilling mud specifications and the drill string 
dimensions are identified within the context of the drilling program, and thus, they could 
not be changed during the drilling process for purposes such as a better data transmission. 
Therefore, the development work during the present research work has focused only on 
the transmitter and receiver ends.     
 
Several new approaches regarding the transmitter end were developed. In the first 
approach, a hybrid mud pulse telemetry was developed and tested. The hybrid mud pulse 
telemetry uses two different transmitter devices, such as a mud siren and a pressure 
pulser, for transmitting the data at the same time. The hybrid mud pulse telemetry works 
at two different time slots. Each component of the hybrid mud pulse telemetry system 
(mud siren and pressure pulser) works at its own workable transmission time slot. Two 
different combinations, the combination of the mud siren with the positive pressure 
pulser and the combination of the mud siren with the negative pressure pulser, were 
successfully investigated and tested. Hence, the hybrid mud pulse telemetry was tested 
using different combinations of code modulations. All the transmission signals could be 
successfully received and decoded. The laboratory investigations have confirmed the 
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functionality of the hybrid mud pulse telemetry system (see Chapter 7). Assuming that 
the mud siren and the pressure pulser are operated in practice at time slots of 0.1 and 0.5 
s, respectively, an increase in the data transmission rate of 20% can be achieved. The 
achieved increase is not much higher to boost the downhole data transmission into a new 
age. But on the other side, the achieved increase in the data rate does not require a lot of 
changes in the downhole tools, since all the mechanical/hardware components for such a 
system are already available and used but in a separate way. An approach for using the 
hybrid mud pulse telemetry in practice is described in Chapter 7. The most particularly 
interesting data during the drilling process can be transmitted to the surface in a faster 
sequence using the mud siren while the less important ones can be transmitted using the 
pressure pulser (see Figure 7.7).  
 
In the second approach a great focus was made on the multi-frequency mud siren. The 
capability of the multi-frequency mud siren to simultaneously generate two carrier 
frequencies was investigated. For this purpose, a multi-frequency mud siren consisting of 
two sets of stator/rotor was investigated based on mathematical and numerical models. 
Several configurations of stators/rotors, such as a row connection and a parallel 
connection, were taken into consideration. The investigation results have shown a third 
carrier frequency in addition to the two induced carrier frequencies. The third frequency 
was identified as an interference frequency. Using the additional received carrier 
frequency for encoding the data would allow to employ the multi-frequency mud siren 
for transmitting the data. A data encoding concept for transmitting two bits per time slot 
using three frequencies is described in Chapter 8 (see Table 8.3). Thus, the data 
transmission rate can be doubled by using a two-frequency mud siren.  
 
The mud siren is faster than the pressure pulser but it has a lower transmission reach 
compared to the pressure pulser. It was found during the investigations using two sets of 
stator/rotor that the intensity of the transmission signal, and thus the transmission reach, 
could be increased. Here, the two rotors should be operated at the same rotational speed 
to generate the same carrier frequency. It should be taken into consideration that the two 
rotors must be operated at the same phase. With a transmission example, an extension in 
the transmission reach of approximately 40 % was achieved, see Chapter 8.  
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Using multi-carrier frequencies for transmitting the data in boreholes can significantly 
increase transmission rates of the mud pulse telemetry. Generating multi-carrier signal 
using a multi-frequency mud siren is a very complicated issue, as shown in Chapter 8.  In 
order to further investigate the data transmission using multi-carrier frequencies, an 
experimental multi-frequency generator prototype was built for the use at the IBF test 
facility. Several transmission tests were executed using the experimental multi-frequency 
generator. The test results have shown that it seems possible to transmit the data via the 
hydraulic mud channel over several carrier frequencies. Up to six frequencies, and 
consequently up to six bits/symbol, could be transmitted. However, considerable further 
development and optimization work both on the transmitter end (stronger signals) and on 
the receiver end (signal processing) is required to develop a sound concept for practical 
use. The evaluation of the received signals has shown that modulating and transmitting of 
one word over several carrier frequencies at the same time could have errors. Decoding 
of the transmitted symbols could be failed out when one of the several carrier frequencies 
could not be successfully received. For a robust multi-carrier data transmission in 
boreholes, each available individual carrier frequency should be used for modulating and 
transmitting of only one individual word of the telemetry data frame. This method is one 
of the wireless communication techniques and called as frequency division multiplexing. 
An example for transmitting a telemetry data frame in boreholes using six carrier 
frequencies is illustrated in Figure 9.8 (see Chapter 9). 
 
One of the biggest challenges regarding data transmission in boreholes using the mud 
pulse telemetry is the dominant noise of the mud pumps. Transmission tests using the 
chirp modulation, one of the latest radio technologies, were performed. The executed 
transmission tests have shown that applying the chirp modulation could enable 
transmitting the data even in the frequency range where the noise of the mud pumps is 
dominant.  
 
In the context of the present research work, transmission tests were executed using 
sawtooth, triangle, rectangle and sine waves to find out which wave form could be used 
for performing data transmission with a higher reach. The experimental multi-frequency 
generator was used for executing the transmission tests. The transmission test results 
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have shown that the rectangle wave has the highest measured amplitude in both time and 
frequency domains. The energy amount contained in the area existing under the wave 
curve for the rectangle wave form is higher than by all other wave forms, therefore it 
could be used for transmitting the data over longer distances. Based on the transmission 
tests in Chapter 9, rectangle waves could be used to achieve transmission reaches of 
approximately 33% higher than those achieved by using the sine wave.  
 
At the receiver end, development work was made to improve the signal detection and to 
insure that the receiver end is capable to successfully receive and process multi-frequency 
signals. All the measured multi-frequency signals were evaluated and analyzed using the 
Fourier and Wavelet tools for signal analysis. In contrast to the Fourier analysis, the 
Wavelet analysis could not provide a good evaluation of the measured multi-frequency 
signal without filtering the hydraulic noise and all the other unwanted frequency 
components that do not belong to the generated signal. For both signal analysis tools, the 
investigation results have shown that analyzing a multi-frequency signal using the same 
signal strength scale can make the frequencies detection more difficult. It becomes more 
challenging by using the Wavelet analysis, since the color bands representing lower 
frequencies in the Wavelet analysis are stretched over a wide range.  
 
For a successful evaluation and analyzing of the measured multi-frequency signals, a 
certain series of processing steps was required. This includes filtration of the hydraulic 
noise from the measured signal and the analysis of each individual carrier frequency with 
a suitable signal strength scale. The need for a separately evaluation for each measured 
carrier frequency at the receiver end lends itself very well to the suggested method for 
decoding and transmitting the data over several carrier frequencies at the transmitter end 
based on frequency division multiplexing, see Figure 9.8.  
 
The effect of the receiver position on the signal detection was investigated numerically 
and laboratively. The investigation results have demonstrated the great effect of the 
measuring position on the carrier signal propagated in a pipeline. The carrier wave could 
be measured with a higher/maximum or minimum amplitude at the receiver end 
depending on the relationship between the measuring position and the positions of the 
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pressure nodes and antinodes of the carrier wave (see Figure 10.4 and Figure 10.5). The 
use of a multi-sensor receiver could increase the efficiency of the receiver unit and its 
capability for successful signal detection. A carrier wave with a certain frequency can be 
located in a stopband at a certain measuring sensor but in a passband at another 
measuring sensor (see Figure 10.2). Moreover, the use of a multi-sensor receiver could 
allow a successful detection of the multi-frequency signal generated by the multi-
frequency mud siren (see Figure 10.3). This was not possible by using only a single-
sensor receiver. Due to the promising results, an innovative approach for installing a 
receiver unit with multiple pressure sensors at the drilling rig is drafted and explained in 
Chapter 10 (see Figure 10.8).  
 
Based on the results of the present research work, it could be said that a two-frequency 
mud siren could be used in a combination with a pressure pulser to increase the data rate. 
An increase in the data transmission rate of more than the double could be achieved.   
 
11.2 Outlook 
Transmitting the data in boreholes in passband via multi-carrier frequencies could be very 
promising. However, there is still a need for further research and developments in order 
to make the multi-frequency transmission usable in the field. The results of the present 
research work can be used as a basis for the next research and development works.  
 
A laboratory prototype for a multi-frequency mud siren should be built. The construction 
and design of the laboratory prototype must be so flexible, that different configurations of 
stator/rotor sets can be installed and testes. Such configurations could be, for instance, 
one stator and two rotors in a row connection, two sets of stator/rotor in a row connection 
and two sets of stator/rotor in a parallel connection. Hence, the construction and design of 
the stator/rotor lobes must be flexible, so that the multi-frequency mud siren could also 
be investigated by using different wave forms.   
 
Several receiver sensors, for instance with 1 m distance between each other, could be 
installed at the pipeline section between P1 and P2, in order to study the propagation 
behavior of the generated multi-frequency signal. The mathematical model developed 
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during the present research work could be extended to be able to calculate and predict the 
generated multi-frequency signal after its propagation along the pipeline of the test 
facility. The extended mathematical model should take the fluid compressibility into 
consideration by calculating the generated and transmitted signal. The test facility with its 
suggested multiple-sensor receiver (between P1 and P2) could be used to validate the 
results of the extended mathematical model.  
 
Finally, a prototype for a multi-frequency mud siren for field tests could be built based on 
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Table 9.2: Transmission options for set 1 using six carrier frequencies (11, 15, 19.5, 28.5, 39 and 45 Hz) 
Symbol 6 Carrier Frequencies 
Number Bits 11 Hz 15 Hz 19.5 Hz 28.5 Hz 39 Hz 45 Hz 
1 1 0 0 0 0 0 on off off off off off 
2 0 1 0 0 0 0 off on off off off off 
3 1 1 0 0 0 0 on on off off off off 
4 0 0 1 0 0 0 off off on off off off 
5 1 0 1 0 0 0 on off on off off off 
6 0 1 1 0 0 0 off on on off off off 
7 1 1 1 0 0 0 on on on off off off 
8 0 0 0 1 0 0 off off off on off off 
9 1 0 0 1 0 0 on off off on off off 
10 0 1 0 1 0 0 off on off on off off 
11 1 1 0 1 0 0 on on off on off off 
12 0 0 1 1 0 0 off off on on off off 
13 1 0 1 1 0 0 on off on on off off 
14 0 1 1 1 0 0 off on on on off off 
15 1 1 1 1 0 0 on on on on off off 
16 0 0 0 0 1 0 off off off off on off 
17 1 0 0 0 1 0 on off off off on off 
18 0 1 0 0 1 0 off on off off on off 
19 1 1 0 0 1 0 on on off off on off 
20 0 0 1 0 1 0 off off on off on off 
21 1 0 1 0 1 0 on off on off on off 
22 0 1 1 0 1 0 off on on off on off 
23 1 1 1 0 1 0 on on on off on off 
24 0 0 0 1 1 0 off off off on on off 
25 1 0 0 1 1 0 on off off on on off 
26 0 1 0 1 1 0 off on off on on off 
27 1 1 0 1 1 0 on on off on on off 
28 0 0 1 1 1 0 off off on on on off 
29 1 0 1 1 1 0 on off on on on off 
30 0 1 1 1 1 0 off on on on on off 
31 1 1 1 1 1 0 on on on on on off 
32 0 0 0 0 0 1 off off off off off on 
33 1 0 0 0 0 1 on off off off off on 
34 0 1 0 0 0 1 off on off off off on 
35 1 1 0 0 0 1 on on off off off on 
36 0 0 1 0 0 1 off off on off off on 
37 1 0 1 0 0 1 on off on off off on 
38 0 1 1 0 0 1 off on on off off on 
39 1 1 1 0 0 1 on on on off off on 
40 0 0 0 1 0 1 off off off on off on 
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Appendix- Chapter 10 
 
Table 10.1: Distribution of the installed monitoring points 
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Figure 10.9: Predicted amplitudes in the frequency domain of the pressure wave with a carrier frequency of 53 Hz at 
several monitoring points   
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